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NACA RM 56T12 CONFIDENTTIAL
NATIONAL ADVISORY COMMTTTEE FOR AERONAUTICS

RESEARCH MEMORANDUM

A SURVEY AND EVALUATION OF FLUTTER
RESEARCH AND ENGINEERING

By NACA Subcommititee on Vibration asnd Flutter

SUMMARY

A survey and evaluation of flubter research and flutter engineering
is presented, with particular emphasis placed on the design of primary
fixed surfaces and primary controls. Analyses are made of recent flutter
occurrences to delineate past and future problems, and detailed sppraisals
are given of the status of the various engineering branches involved in
the analyticael and experimental prediction of flutter.

The report was prepared by a panel of the National Advisory Committee
for Aeronautics, Subcommittee on Vibration and Flutter, and has been
approved. by the entire subcommittee membership. Its purpose is to assay
current knowledge in regard to flubtter engineering, and to highlight those
facets of the subject which willl require concentrated research attention
if future engineering requirements of the aircraft Industry are to be met.

It is pointed out that past design techniques for the prediction and
prevention of flutter, while generelly successful, have been inadequate
in a sufficient number of cases to cause concern. It is anticipated that
an increase in both the number and variety of flubtbter problems will be
encountered with future aircraft and missliles. 1In order to effect suc-
cessful engineering solutions to these problems, a background of research
will be required, and suggestions are advanced in the report for research
studies to cope with the anticipated trouble aress.

INTRODUCTION

At the December 1 - 2, 1955, meeting of the NACA Subcommittee on
Vibration and Flutter, it wes considered desirable to make a survey and
evaluation of flutter research and engineering. The underlying reason
for this was based on discussions, which summarized, emount to the fol-
lowing statement:
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For the design of military and commercial airborne vehicles of
the present and the near future (i.e., 5 to 10 years from now), it
1s mandatory to predict the flutter characteristics to a high degree
of accuracy in order to insure safety and satisfy demands for higher
performance. Notwithstanding the excellent research on flutter con-
ducted by the NACA and other organizations, and the considerable
experience accumulated by the industry over the past years, concern
over whether the required design accuracy will be achieved in the
design-office 1s based on a marked increase in the number and type
of flutter incldents which have occurred during the last 10 years,
and which have resulted in either loss of the vehicle or in severe
demage. Corrective action for flubtter difficultles has resulted in
apprecliable expense, in marked delay in getting the vehicle into
service operation, and in decreassing performence and increasing
maintenance on some alrborne vehicles.

For airborne vehicles of the near future, flutter problems are
definitely expected to become more severe due to Increased speeds,
aerodynamic heating, and new configurations. This increase in sever-
ity comes at a time when every effort is being bent towards reducing
development tlme and cost.

This survey was prepared by members of the NACA Subcommittee on
Vibration and Flutter, and has been approved by the entire subcommittee
membership. It is hoped that the report will be of value in an essess-
ment of the current status of flutter engineering, end In arriving at a
sound future program of research to fill the gaps in ocur reguired engi-
neering knowledge. -

Flutter is conventlonally defined as a self-exclted oscilistion
resuvlting from a combingtion of inertis, elastlc, oscillatory aerodynamic,
damping and temperature forces. In combination these forces can result
in unsteble motion (i.e., flutter) which leads to mlld or extremely severe
structural fallures.

This survey is primarily concerned with the flutter problems asso-
clated with primery fixed surfaces and primary controls. Many othexr
significant flutter problems are not consldered in the scope of this
survey, such as those pertaining to heat exchangers for aircraft nuclear
power plants, speed brakes, pitot tubes, turbine blades, propellers, heli-
copter rotor blades, variable leading edges, variable inlet ramps, external
masts, refueling drogues, tow targets, armsment doors, hydrodynamlc planing
surfaces, parasite aircraft, and panel flutter.

As a basis for the further discussion, it 1s of interest to examine
the speed-altitude-temperature regimes that are of concern at the present
and. in the near future. Figure 1 presents a Mach number-altitude plot
of these regimes which are divided into the following very approximate

catagoriles:
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Regime I - Transonic speed airborne vehicles. Subsonic incom-
pressiblie flow, subsonic compressibie fiow, and trans-~
onic flow are prevalent. Temperature effects are neg-
ligible.

Regime IT - Low supersonic speed airborne vehicles. Flows of
Regime I and in addition supersonic flow are prevelent.
Tempereture effects are elther negligible or of minor
importance.

Regime ITI - High supersonlc speed airborne vehicles. Flows of
Regimes I and IT are prevalent. Temperature effects
are of conslderable concern.

Regime IV -~ Hypersonic speed sirborne vehicles. Flows of Regimes I
and IT and, in additlon, hypersonic flow are prevalent.
Temperature effects are of msjor concern.

Naturally, the regimes shown in figure 1 do not apply exactly for s par-
tlcular ailrborne wvehicle - rather they are order of magnitude envelopes
wherein certain types of osclilliatory aerodynamic end temperature phenomena
are prevalent which are of interest from the flutter viewpolnt. The
explanstory notes in flgure 1 &lso Indicate the meximum tempersature which
would be encountered in each regime. Of prime significance is the fact
that industry is (or will be in the very near future) building sirborne
vehicles to operate in all of the regimes shown in figure 1; flutter
engineering is unfortunately considerably behind thie development pace,

as will be seen later in the report.

The followlng section of the report contalns s historical survey
end analysis of actual flutter incidents which - -have-been experienced with
military sircraft during the period from 1947 to the present. This pro-
vides background for the subsequent sections, which desl with the design-
office and research state-of-the-art of Fflutter prediction engineering,
both from the theoreticasl and experimental standpoints. An oversll sum-
merization concludes the report. Throughout the discussion, an attempt
is made to clerify the areas which regquire research if future engineering
requirements are to be met.

SURVEY OF RECENT FLUTTER OCCURRENCES

Table I presents a sumsary of flutter incidents which have occurred
on U.S.A.F. and Navy egircraft in the period between 1947 to the first part
of 1956. The incidents are broken down umder each year. The U.S.A.F.
incidents include both airplanes and missiles; the Navy incidents are for
airplanes only. No civilian or commercilal aircraft were considered in
complling the table.
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Thirteen flutter inecidents occurred during 1947 to 1951. OFf these,
approximately 10 were of the control-surface, spring-tab, and trim-tab
variety whose characteristics were quilckly understood and for which rem-
edies were readily avallable on the basis of state-of-the-art know-how
(irreversibility and revised mass balance). This of course does not
imply that accurate flutter aerodynamic derivatives were available to
give theoretical prediction results of high accuracy, such as are required
for adequate design safety.

Except for one case of tip-tank flutter, which was a special flutter
investigation, no cases of bending-torsion flutter occurred, since the
strength required for structural purposes wes sufficient to result in
adequate flutter margins of safety. In this 1947 to 1952 era, the aver-~
age bending-torsion flutter mergin of safety was probably of the order
of 30 percent or higher.

Two ltems deserve special attention. These are the tip tank and the
stabilizer torsion-mess unbalanced elevator flutter cases. These inci-
dents in retrospect could concelvably be interpreted as the first experi-
mental evidence of serious flutter problems to come, and the greater
ectual Importance of flutter in controliing the design of aircraft.

The next eras considered 1s the period from 1952 to early 1956. Of
41 incidents, 13 are cases of trim-tab, spring-tab, and control-surface
flutter (partially balanced and mass unbalanced control surfaces included).
Most of the trim-tab flutter cases occurred because of loss of the actu-
ating system stiffness, which should be preventable by adequate design.
The nine cases of spring-tab and control-surface flutter are approximately
equal to the number which occurred in the 1947 to 1951 era. Thus, this
problem area is still not under control, and more accurate and dependsble
theoreticel procedures, experimental data, and design criteris are needed,
especially in view of a proposed trend towards mass unbalanced control
surfaces and higher speed alrcraft having smaller thickness ratios.

Additional examination of the latter time period reveals that six
cases of external store flutter (including pylon suspended engines) have
occurred, compared to one in the previous time period. The extreme
importance of the external store problem from a £lutter viewpoint is
clearly evident.

The transonic speed regime has caused the occurrence of control-
surface and tab buzz, and combined control-surface fiutter buzz. Twenty-
one cases are tabulated for the 1952 to 1956 perlod. The only known cures
or preventive means are hydraulic dempers, the North Americen splitter
configuration, or very high stiffnesses in the actuatlng system. Since
these buzz cases total more than half of the flutter incidents in the
latter time period, it is obvious that additional informstion leading
to a basic understanding of the phenomenon snd its avoldance by efficient

means is mandatory.
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- The all-movable control surface was early suspected as a possible
source of flutter difflculties. This early suspiclon is substantisted
by the four cases which occurred 1n 1953 and 1955. It 1s expected that
the all-movable surface will continue to be a very serlous, first-
magnitude flutter problem area for years to come. Much information is
considered necessary and essential to indicate design criterias and to
insure its prevention st an early design stage.

One known case of T-tail flutter occurred in 1952. This type of
configuration may be considered somewhat similar to the external store
problem in that frequencies are relstively low and critical frequency
ratios are possible. Like the external store problem, the T-tail, there-
fore, is expected to be & serious flutter problem and its service occur-
rence on aircraft may definitely increase. '

It is estimated that current flutter wvelocity margins are in many
cases of the order of 15 percent, the minimum scceptable. The fluttexr
cases described indicate that design difficulties may be encountered in
obtaining the desired safety margins for T-tails, all-movable stabillzers,
and external stores.

It is difficult to review the wvarious flutter cases fairly snd
objectively and decide which could, or should have been predicted on the
baslis of the state of the art. However, In most cases it should be real-
ized that flutter studies of reasonsble extent were made before the air-
plane flew. Thus, state-of-the-art design criteria and theoretical cal-
culations, regardless of the precise reasons, may be deemed inadequate.

Nine flutter cases can be attributed to malfunctions. For ebout
slx cases the theory is definitely inedequate to permit proper englneering
treatment. No rellasble theory or basic uwnderstending was available to
make realistic guesses for the 21 cases involving buzz. In 21 cases the
possibility of the incidents could have been predicted if accurate flutter
derivatives were available, and if the flubtter englneers had the foresight
to investigatbte the pertinent modes despite the lack of cccurrence of the
pexrticular type of flutter up to that time. TIn evsluating the sbove state-
ments, the old story of better hindsight must be consldered. However, it
is foresight for which flubter engineers are paid.

Concerning the fubture, some new design configwations which may pre-
sent additional flutter problems are:

1. Floating fuel tanks
2. Tip controls

3. Rotatable or extendable control surfaces
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In addition, there exists the definite possibility that future flutter
cases may not involve the simpler fundamental modes of vibration which
seem to define most of the cases in the present survey. Higher-order
modes (possibly resulting from the effect of temperature on seroelestic
characteristics) may occur in.the high Mach number and high dynasmic pres-
sure regimes, even though adequate safety for fundemental modes has been
provided. This contention is borme out in part by results of NACA rocket
flutter tests of delta wings and chordwise flutier model tests. The pos-
sibility of flutter in higher modes obviously will make the task of the
flutter engineer much more difficult and will significantly increase the
area for which accurate knowledge 1s necessary.

FLUI'TER DYNAMICS

In order to cope adequately with flutter design problems, it is
obviously necessary that the engineer have an understanding of the phys-
ical mechanisms underlying flutter phenomena. The complexity of flutter
engineering arises from the fact that at least three of the classicsal
flelds of mechanice must be simultaneously kept in mind when dealing
with any flutter circumstance - structures, dynamlcs, and aerodynamics
are inseparably intertwined.

In the development of flutfter as a rational brench of aseronautical
engineering, it was only natural that classlical vibrstion theory be used
as the starting point. In all essential respects, & complete understanding
had been reached regarding the vibrational behavior of undsmped elastic
systems, executing small wvibrations, and acted upon by externally applied
forces of known magnitudes. This body of knowledge extended to both con-
tinuous systems (such as an aircraft structure), and to systems composed
of interconnected springs and discrete masses. The Lagrangisn approach
and the work of Raylelgh-Ritz also provided the important clue ass to how
a continuous system could be replaced by its simpler equivalent of con-
nected springs and discrete masses, that is, by a finite number of natural
modes with suitable elastic and inertial coupling.

Finally, classical theory had extended all of the knowledge regarding
undamped systems to cover the case of vibrating structures conteining a
small amount of internal viscous damping.

It was soon found, however, that an understanding of flutter mecha-
nisms required a conslderable extension of these important classical con-
cepts. To begin with, the external (aerodynsmic) forces acting on a
flutter configuration are not known in advence; rather, they are a result
of the vibrations themselves. It is for thls reason that flutter oscil-
lations are of the "spontaneous" variety; a small disturbance of the
system under steady conditions causes air forces to act which perpetuate
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the disturbed motion. A new branch of dynemic theory, teking into account
the particular character of flubtter air forces, thus had to be developed.

In sddition, 1t became clear that the classical concept of internsal,
viscous damping was not suitsble for describing practical ailrecraft struc-
tures. Rather, a new kind of damping - so-called "structural” damping -
had to be devised in order to bring theory and observation into approxi-
mate agreement. Of purely empirical character, the structural damping
concept essentially entalls internsl damping which is amplitude-sensitive,
but frequency-insensitive. Once again, new theoretical developments were
required to permlt an understanding of the system behavior with this new
type of internsl energy dissipstion. It is also safe to say that a more
rational description of the nature of structural damplng is a require-
ment for fubture research.

While progress along these new lines of gstudy has been continuous,
it is generally correct to say that the rate of progress has been slow,
particularly when compared with the steady increase in the complexity
of practical sirecraft configurations. Generalities regarding flutter
behavior are notable only for their absence, and even the experienced
flutter practitioner will admit to frustretion in attempting to under-
stand many practical phenomens on physleczl grounds. Even greater diffi-
culties arise when attempting to synthesize an optimum, flutter-free
structure, as compared with the simpler problem of analyzing the flutter
mechanisms inherent In a configuration fixed in advance.

Much further research is therefore needed along the lines of under-
standing the fundamentel physicel character of the flutter problem. Cer-
tein flutter cases are of the so-called "violent" variety, that is, small
speed Increases cause & well-damped system to engesge suddenly in wviolent
vibrations of catastrophic emplitude. Other flutter cases are 'mild"” -
even at the critical flubtter speed, the osclllations are nonviolent and
appear to be of self-limiting amplitude. Our knowledge of the reasons
underlying these two types of behavior is as yet incom@lete, desplte the
great practical Importance of belng able to avoid "violent" flutter

designs.

Nonlinearity effects 1n flutter are known to affect significantly
the system performance around the critical speed, yet here again only a
start has been made toward achieving a real understanding of the pertinent
mechanisms. A similax remerk holds true regarding the effects of high
tempersture on flutter behavior.

It is clear that immediate need exists for the formulation of flubtter
principles which permit the designer to understand the engineering nature
of flutter, and whlch provide basic design principles for Fflutter avoid-
ance in modern, complicatbed configurations. These goals will be reached
only through additionsl research on the broad subject of fiutter dynamiecs,
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much as was accomplished earlier by classical vibration theory for simpler
types of vibrating systems.

ANALYTTICAL PREDICTION OF FLUTTER

For the design-office prediction of airplane flutter, a knowledge
is required of the mass, stiffness, oscillatory aerodynamic, damping,
and thermal characteristics of the airframe. In view of the fact that
fiutter analysis entalls soc comprehensive & coverage of engineering
information, interrelating a number of the classical engineering branches,
it 1s hardly surprising that considerable difficulties are encountered
in arriving at accurate engineering results for complicated systems.

While a variety of techniques are used by flutter groups within the
industry, the conventional procedure for the flutter anslysis of a new
alrplane can be divided into the following main tasks:

Calculation of the natural fregquencies and natural vibration
mode shapes which are pertinent. to the anticipated flutter motions
of the airplane.- In order to calculate these modes accurately, the
mass, stiffness, and damping and the transient and steady temperature
effects on these parameters must be understood.

Calculation of the oscillstory aserodynamic forces.- This step
entails the computastion of the alr forces which are active during
the flutter motions and represents essentially a problem in unsteady

aerodynemics.

Calculation of the flutter velocities for varlous flight con-
ditions.- With the mechanical and aerodynamic performance of the
structure understood, the flutter equetlons of motion can now be
formulated and solved for the critical velocities.

Calculation of the ailrcraft response to a forced vibration,
should such information be desired for purposes of flutter flight
testing or to provide more extensive analysls of ground vibration
data.

The following remarks are in order regarding each of these steps in
rational flutter analysis. .
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Calculation of Natural Frequencles and
Natural Vibration Mode Shapes

The first step which the flubter analyst usually tekes in a theo-
retical flutter computation is to calculste those natural frequencies
and corresponding vibration mode shapes for the structure (in still air)
which will probably appear in the flutter motion. This preliminary cal-
culation makes use of basic information on the mechanical charescteristics
of the structure - data pertaining to its elastic characteristics, to
the distribution of masses supported by the strucbture, and the mass of
the structure itself.

The calculation of these modes 1s an essentlal preliminary to the
actual flutter wveloclity computation when a Raylelgh type flubtter ansalysis
is employed. In the Rayleigh type anslysis, the flubter motion of the
airfreme is represented by a combination of motions of certein natural
modes, chosen at the discretion of the analyst.

It should be noted that technigues of flutter analysis other than
the Rayleigh type are now becoming somevwhat more popular, thus not
requiring that natural modes be employed as degrees of freedom in the
Tlutter calculation. A significant practical importance nonetheless
attaches itself to natural mode studies. Specifically, through the medium
of the ground vibration test of the prototype aircraft, it is possible to
compare the calculated mode frequencies and shapes with those observed
during the vibratlion test. Thls affords an important and direct check
of the degree to which the mechanical properties of the structure have
been adequately asccounted for in the theoretical calculstions. Regard-
less of the extent to which nstural modes are used directly in the deter-
mination of critical f£light veloclities, therefore, it is expected that
ngtural mode calculetions and ground vibratlon tests will continue to be
& standard tool of the flutier engineering group.

For more or less conventlonal alrcraft of low and medium performence
ranges, with moderste to high-aspect-ratic wings and without the complii-
cation of large, sprung masses attached to the structure, reasonable suc-
cess can be achieved in calculating the lower modes of the system. Thus,
for example, based only on mass-distribution estimates and stiffness cal-
culations made on the basis of engineering drawings of the structure, the
fundamental and next highest bending and torsion modes for primary sur-
faces can usually be predicted with good accuracy, elthough it is common
experience that the mode shape accuracy will not be as acceptable as the
natural frequency calculations. This reasonably acceptable state of the
art holds even where fuselage flexibility is of importance, and where
rigid body motions asre coupled with elastlc mobtions.

With the current trend toward unconventional aircraft, the state-of-
the-art in regerd to natursl mode celculations has unfortumately deteri-
orsted substantislly. In the case of Smaller, high-speed aircraft, the

S
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use of wings of very low aspect ratio and of complex internal structure
has greatly reduced the design-office effectiveness of natural mode cal-
culations. In the case of large, high-performance. aircraft, which are
relatively flexlble and generally characterized by a variety of external
stores and elastically suspended masses, the needs of the flutter analyst
have extended beyond the lower modes and into the higher vibrational modes.
Here also, the calculation technliques have not malntained the required

high order of engineering accuracy.

It should also be mentioned that to date there are no theoretical
methods available for estimatlons of the structural dampings assoclated
with the various vibration modes; these are generally obtained experi-
mentally during the ground vibration test.

The reasons for the ilncreasing difficulties assocciated with natural
mode calculations are not difficult to ascertain. The current methods cof
structural snalysis, speclfically in regard to stiffness estimetions,
are inadequate when a complicated structure must be dealt with. Stated
differently, current techniques require an ideslization of the structure
into principal structural components, a procedure which is not entirely
consistent wlth the actuel behavior of the system. Typical sources of
difficulty are in the consideration of shear deformetion in estimating
bending stiffness, -in the neglect of differential bending of structural
elements in establishing torsional stiffness, and in the inadequate con-
sideration of reductions in bending stiffness due to skin buckling. The
egppearance of the thermal problem, with the strong effect of transient
temperatures on structural stiffness, is substantially meagnifying the
difficulty of the flubter analyst. The problems of extermnal stores and
sprung masses are also becoming more severe; such questions as the deter-
mination of the effective masses of liquld fuel, heavy retractable com-
ponents, etc., cannot be adequately hsndled at present.

It is clear, then, that considerable effort is warranted in research
to improve current methods for calculating natural frequencles and natural
vibration mode shapes. Valuable information could be obtained from a
systematic study of a group of alrcraft representative of the fighter and
heavy bomber categories. Calculstions of the mode shapes by the best
avallable methods, compared with accurate ground vibration observations
of the prototype aircraft, would probably disclose suitable avenues for
refinement of the analytical design techniques. It must be appreciated,
however, that such studies are both expensive and time consuming; cer-
tainly nothing of this order of magnitude is presently incorporated in
research in this country. While each company attempts to profit from
its design experiences wilth each new aircraft model, the urgency of engi-
neering design schedules precludes & systematic study of the type visu-

alized here.
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The problems inherent in natural mode calculations for complex asir-
craft have led to the suggestion of alternative approaches to obtain the
required design information. Thus, dynamically scaled models have been
suggested for use in the determination of vibration modes during the
design phase when the prototype is not available. Since the construction
of a dynamicelly scaled model of practical simplicity entails a thorough
understanding of the structural problems of the prototype, it can be seen
that substantial advantage is not geined by going in this directilon.

To refine knowledge of the stlffness characteristics of the alrframe,
it has also been proposed that meaesurements be made on the full-scsle pro-
totype. This has the obvious disadvantage of having to await the avall-
ebility of the prototype alrcraft, and further poses significent technical
complications. In order to cobtain stiffness measurements of the necessary
accuracy for certain important portions of the structure, such as the root
regions of wing surfaces, it is found thet loads must be applied which
exceed the deslgn limit loads.

T mrrmmmeaty oo Peaea mgman +the ent stage F the

il SUHOMNATTY bu.c_LcJ.u.Lc, it can be sald © pres suage ox
art is not entirely satisfactory regard to na.tura.l mode calculstions
for present and fubture aircreft. The importance of such information for
the flutter engineer is sufficient to cause considerable concern, and an
aggreseive and expanded research effort in this area seems warranted.

Calculation of Oscllletory Air Forces

The proper determination of osecillatory aerodynsmic forces in flutter
analysis is vltal, as without these forces we are dealing wilth conserveative
or structurally demped mechanicel systems. Examination of the mathematical
equilibrium condition which defines flutter, or of the function giving the
aerodynamic work per cycle of oscillation, shows that, at flutter, the
gtructurel dynamics and serodynamics are lntertwined so that accuracy is
generally needed in both of these parts if asccuracy 1s to be achieved in
the end result. Moreover, the type of aerodynasmic information required
depends on the cholces made for the structursl basis of analysis. Usually
this baesis is & Rayleigh, modal-type analysis, though sometimes it is an
influence function type of snalysis which avoids the modal spproach.

Meny technical pepers and monographs, and a few excellent books are
now availeble which consolidate the present theoretical position. In
brief, this position is: Two-dimensional potential flow methods used in
strip analysis or Rayleigh Type analyses are well developed. Three-
dimensional flow methods are in s continuing state of flux and are cur-
rently being defined and evaluated.

Status of two-dimensional linearized subsonic- and supersonic-flow
theory: The aerodynsmic edifice of the two-dimensional linearized oscil-
lstory flow theory is now essentially completed. Adequate tables may be

SouN R
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said to exist for most routine purposes for the complete Mach number range,

though speclal mode psatterns, such as modes of camber deformations, or .
some control-surface problems, may still require considerable labor.
Table IT is a list of available numerical tables and the ranges of param-
eters of interest (such as reduced frequency, Mach number, and alleron
parameters) covered by them.

Strip-analysls methods: The relatively easy availability of two-
dimensional numerical results and the extreme difficulty of treating,
even by linearized methods, the alr forces end moments on wings vibrating
in en elastic mode, have led to the adoption of two-dimensional methods
in strip analysis. 1In thils process each vibrating strip is handled as
though part of an infinite wing having the same normel veloclty distri-
bution as that exlsting at the vibrating strip, and sall strip effecte
are integrated spanwlse in accordance with the chosen mode of vibration o
to yleld the proper generalized forces. For sweptback and tapered wings
care must be exercised to allow for the effect of average effective yaw
of the infinite wing representing the local strip.

It has turned out that this strip-analysis process has yielded rather
unexpectedly good results for wings of high asgpect ratlos, as determined
by experiments with simple wing models. It has also helped to serve as -
a means for presenting experimental informatlon in s coherent fashion for o
wings of low aspect ratio. In this menner, experimental correction fac-
tors for criteria or trend studies can be formulated without actually -
proceeding to rigorous three-dimensional flow theories. For example,
the two-dimensional theory has served usefully in various trend studies
that have been carried out with physical or methematical-type electrical
analogs. It is recognized, however, that lower-aspect-ratio wings for
high-speed flight require a three-dimenslonel treatment structuralliy and
aerodynamically 1f accuracy 1s to be attained, or if assessment of simpler
methods 1s to be evaluated properly. Thus, the avallable theory employing
strip-analysis methods is limited in ite scope.

Three-dimensional flow methods: The treatment of an oscillating
wing in an elestic wing mode by three-dimensional flow methods is, in
general, not in a satisfactory state. The methods that have been used
mey be loosely termed lifting-line, multiple-lifting line, and lifting-
surface methods. It cennot be maintained that any one of these methods
has been proved to result consistently in useful practicael developments
suitable for routine applications. The lifting-surface methods have
recently been used to compare air loading distributions end flutter
results obtained in illustrative examples for comperison with those
obtained using two-dimensionel flow methods. These comparisons have
shown that the surface methods ought to be pursued in the direction of
systematization for routline aspplications, and that these wlll require -
lerge-scale computing machinery methods.
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The 1lifting-line methods that have been developed in the past 20 years
number a score or more. Many of these have been patterned to yleld the
Prandtl lifting-line result for the limiting case of steady flow. This
is believed to have been an unfortunate simplification. The earlliest of
these methods is that of Cicala; subsequent well-known methods are those
of Kussner , a8 applied by Kussner and Dingel, end of Reissner, as applled
by BReissner and Stevens. It happens that the various methods are essen-
tially equivalent, and that those of Kussner and Relssner are actually
ldentical in their spplication. Shortcomings of the line methods appear
to be their inadequate treatment of the tip and, as the aerodynamic center
of pressure and its spanwise variation asre Important flutier parameters,
thelr inability to define the moment characteristics any more rellably
than the two-dimensional treatment. The moment coefficlent gppears to
be a more sensitive indicator of the refinement of an serodynamié¢ theory
than the 1ift coefficlent. Another drawback in practice concerns the
question of conservetism or nonconservatlism of the flubtter results, as
1t often has happened that the three-dimensionsal line methods have been
unconservative, that is, they have erred on the umsafe side.

It appears necessary to go to multiple-line methods or to surface
methods to obtain any substantial improvements, or to be in a position
to Judge the degree or range of applicability of the line methods. One
approach which hag been indicated but not dewveloped numerically 1s the
extension of the line methods to two lines, resulting in two relations
to account for spanwise variations of both the 11ft and the moment. This
approach has been used In steady low-speed flow on small-aspect-ratio
swept and delta wings and has led to rather good results.

Lifting-surface methods for oscillebing finite wings: A kernel
funcetion method. has recently been employed for three-dimensional flow
which is a direct extension of the method originally used to obtain
results for two-dimensional compressible flow. Results obtained to date
indicate that the procedures lead to reasonable and accurate results as
far as can be judged. The methods appear Lo be the most promising for
achieving accuracy in’ the theoretical resulis of any of those on the
horizon. The procedures can be applied separately to subsonic, sonie,
and supersonic speed regimes. For the latter regime, 1t 1s too eariy
to state that the advantages will exceed those of other available three-

dimensional methods.

Methods for supersonic speeds: A number of mathemstical methods
exist for a few plan forms undergoing rigid body-type motions. However,
the need is for methods readily applicable to elastic modes. Analytical
methods that have shown some promise involve expansions of the slr forces
in a parameter such as the reduced frequency, the expansions being applied
for mathematically defined modes of deformation of the vibrating wing, as
terms of a power series in spanwise and chordwlse coordinates, for example.

.~ S
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A recent numerical development for supersonic speeds for the wing
surface problem hes been termed a "box" method. This procedure involves
separation of the plam form into convenient box-shaped ereas, and is -
esgsentially an aerodynamic influence coefficient method which lends itself
to routine systematization, particularly for the case of all edges super-
sonic. Several varlstions of the box method, in the cholce of boxes, end
in extensions to plan forms with subsonic lesding edgﬁs, are in the proc-
ess of development.

High supersonic speeds - effects of thickness: A useful procedure
for taeking account of thickness and camber effects for high supersonic
speeds 1s based on the following concepts: (a) independence of top and
bottom surfaces, (b) the use of piston theory, and (c) the use of a more
accurate pressure-veloclty relation than the-linear one. The method mey
be readily routinized snd should provide insight into aerodynamic effects
of thickness, and assist in connection with snalysis of flutter effects -
assocliated with aerodynamic heating for high supersonic speeds.

Status of some experimental checks on flutter calculstions: A brief
and incomplete listing of experimental checks is given in teble IIT. For
high-aspect-ratioc wings, this agreement is good to excellent, perhaps
within 10 percent. For low-aspect-ratio wings and for control surfaces -
results are much less satisfactory. However, for elasstic wing modes and
low-aspect-ratio wings, experimental results are insufficlent in general
to provide proper evaluation of the theory. Additiomnsl remarks on experi-
mental checks will be found In the later section of the report titled
"Experimentel Flutter Prediction Techniques."

Concluding remsrks: There is a great need for development of sup-
plementary or modified theories to account for nonpotentiel flow effects.
Control surfaces of all types, high angle-of-attack components, components
having separated flows or operating within separated flows, wing-body com-
The effort along theoretical 1lines should proceed, not only in making
available and ussble the existing formal results, but also in advancing

the art towards including real (nonpotentisl) flow effects.

Calculation of Criticel Flight Velocities and
Flutter Fregquencles

Once the mechanical and aerodynemlic characteristice of the flutter
system are understood and cen be represented mathematically, the equa-
tions of motion for the system can be formulated and solved for the crit-
ical flight conditions. Principal interest is attached to the estimation -
of the flutter speeds for various flight configurations, the fluiter fre-
quency alsc being of englneering significance. In modal-type analyses,
the flutter frequencies are of interest 1n permitting the designer to

s
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make certein that a1l naturel modes surrounding the flutter frequency
have been accounted for; in addition, it will be pointed out later that
a knowledge of the flutter frequency 1s of comsidersble importence when
planning flight flutter tests.

It has slready been mentioned that several possible approaches cen
be used in formulating the equations of motion. The most conventional
type of analysis is based on the Rayleigh modal epproasch, whereln the
flutter motion of the system is represented in terms of contributions
from pertinent natural modes. A second type of analysis, which is
becoming more popular becsuse of its adsptability to the treatment of
low-aspect-ratio wings and complex structures, avoids the modal approach
and employs an influence-coefficlent type of dynemic analysis. For cal-
culations by influence-coefficient techniques, the motions of segments
of the sirfreme are treated as degrees of freedom, and the equations of
motion for the various segments are formulated. Thls differs from the
modal approach in that each natural mode used as a degree of freedom In
a modal angiysis presumes a continuous deflection and motion pattern for
the entire airframe.

It appears that the Influence-coefficient type of formulation of
the equations of motion will become more popular in the future, since
this has some calculational edventages when employing large, aubomatic
digital compubters for the numerical studies. Further impetus for this
type of analjysis willl result when sultable methods are devised to measure
directly structural influence coefficients during static test of the pro-
totype airframe. It should be noted that the problem of calculating the
natural modes for the alrframe 18 not necessarily penalized when an
infiluence-coefficlient type of analysis is Fformuleted; by simply deleting
the terms in the equatlon which represent the aerodynamic foreces, com-
putation will yield the mode shapes and frequencies required to check
ground vibration tests.

As yet, the relative advantages of the model versus influence-
coefficient anslyses are not entirely clear, and further research will
be required to disclose the particular merits of each. From the theo-
retical dynemics point of view, it is probsble that both are equally
effective, that is, with a given engineering understanding of the problem,
each will yield results of about the saeme accuracy. However, the relative
emount of computational effort msy be less in one case than the other,
partly because a simpler and more direct coding procedure can be used for
the automatlc computer.

Regardiess of the type of analysis employed, the £inal step in a
flutbter evaluation is the calculstion of the roots (eigen values) and,
in some cases, modee (elgen vectors) of the dynamic matrix, the order of
the matrix being the same as the number of degrees of freedom treated in

—_—



16 i NACA RM 56112

the analysis. $Since computational complexity increases markedly with

the order of the metrix, 1t is clear that a minimum number of degrees of
freedom, consistent with the deslred engineering accuracy, should be used.
For complex alrcraft, generel conclusions are not yet avallable regarding
& suitable choice of numbers of degrees of freedom. The discretion of
the analyst is still the declding factor in such choices, which is perhaps
an inevitable accompaniment of advanced englneering design studies.

The numerical technlques currently employed for solving the eguatilons
of motion are generally adequate for the problem at hand. The avallability
of Jarge-scale camputers in the aircraft companies will undoubtedly permit
an increase in the size of the flutter calculastions, enabling more degrees
of freedom to be taken into account without substantial increases in engl-
neering labor and time, and it appears that sufficient attention 1s beling
given to the assoclated computing problems by mumerlcal analysts to cope
successfully with the added computational complexitiles.

The accuracy of solutions for critical flutter veloclities are, of
course, directly dependent on the preclision with which the mechanical
and aerodynamlc counterparts of the problem are Included in the equations
of motion. - It has already been polnted out that, in meny 1nstances, the
required design accuracies cannot be achieved because of gaps in our
knowledge of these elements of the problem.

It is worth mentionlng once again that for many systems the struc-
tural damplng plays a powerful role in determining the criticel flight
velocities. At the present time, only past experience and the ground
vibration test afford estimates of the magnitude of this parameter. The
structural damping coefficient veries from one natural mode to the next,
8 consequence of the empirical nature of the structurasl damping concept,
and the variastion of this parsmeter with alrcraft life eand operating con-
ditlons is not thoroughly appreciated. Our knowledge in this area is
thus seen to be definitely inadequate.

It is probable that further research effort should be directed
toward overall sppralsals of the accuracies of flutter anslyses. This
1s perhaps best done through the medium of comparing calculated results
with those obtained from systematic wind-tunnel and flight flutter tests
{see later discussion). However, while the principal objective of a
flutter analysis is the calculation of flutter speeds, a more thorough
understanding of the accuracles required in the mechanical and aerodynamic
contributlions in order to achieve suitable precision in the flutter-speed
estimations is both a worthwhile and necessary research objective.

Forced Response Computations

From the theoretical point of view, if the natural modesa of vibra-
tion in still air and the flutter modes of the aircraft system can be

AN
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calculated accurately, then it should be possible to trace the behavior

of the system when it is forced to oscillate at any combination of flight
velocity and oscillation frequency. Conversely, if correct calculatlons
can be made describing the system behavior when excited by external forces
at verious frequencies in the flutter range, and when the alrcraft is in
£light at velocities moderately below the flutter wveloeity, then flutter
predictions of high accuracy will follow automatically.

For purposes of prototype f£flight testing to determine flutter margins,
it is obvious that £f1light at the flutter speed is impractical; however,
the aircraft can be excited by.external forces into vibration at speeds
below the critical wveloclty and over a range of frequencies covering the
flutter range, and the flight observations can be compared with calcula-
tions covering the same test circumstances. If the two are in agreement,
considerable confidence can be attached to the theoretical flutter veloc-
1ty predictions. It is thus seen that considersble interest is attached
to forced response studies in flutter engineering.

Forced response studles, that is, studies of the response of the
aircraft to externally applied oscillatory losds, is not only of Interest
in connectlon wlth flight-flutter programs, but also provides the engi-
neer with an estimate of whether the flutter mode will be a "mild" or
"violent" one. Under forced vibration conditions, the epproach to =a
violent flutter mode will show a rapid decrease in the system stability,
starting Just below the actual flutter speed. A mild flutter mode is
generally characterized by a gradual loss in system stability which is
observable well below the critical flight condition. While it has not
yet been absolutely dememstrated that these characteristics serve to
define the difference between mild and catastrophic flutter, it is not
unreasoneble to presume that this is the case.

For a variety of reasons, therefore, increasing attention is being
given by industry snd research asgencies to forced response studies. In
the case of ground wvlibretlon testing, the forced response meassurements
define the system damping, and comparisons of measurements and calcula-
tlons over a fregquency range give added confidence to the fact that the
mechanical properties of the airframe are properly represented in the
calculational scheme.

In general, it may be said that very little experience indeed is
currently avalileble in regerd to forced response techniques, particulerly
in the flight region. With the increasing importance of this facet of
flutter engineering, 1t can also be concluded that our research effort
is sadly lacking in this area.

Comparisons between calculated and observed forced response char-
acteristics of airdraft In £flight pose, at present, very substantial
research problems, both in regard to the technical aspects of such studies

F
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end the assoclated costs. However, it would be most velusble if such
studies were undertaken systematically for a group of representative
aircraft. This research background will then permit the gradusl integra-
tlon of this important technique into industrield practice. It might be
mentioned that certain of the aircraft companies are already using flight
response studies as engineering tools, and are doing so without the ben-
efit of an edequate background of research knowledge and experience. This
is a dangerous, although perhaps expedient, course of action; it cannot
be Jjustified on the grounds of safely, save where a high degree of cer-
tainty existe that the enticipated flutter will be of the mild variety.
Some evaluation of the degree of risk involved in forced response tests
in flight may be obtalned from wind-tunnel testing of scaled elastic
models, preferebly with forced excitation.

EXPERIMENTAL FLUITER PREDICTION TECHNIQUES

The subJect of experimental flutter prediction techniqpes is dis-
cussed under the following headings:

(1) Natural frequencies, natural vibration mode shepes, and forced
responses

(2) Measurements to determine stiffness

(3) Oscillatory serodynamic forces
(k) Flutter models

(5) Flight flutter testing

Natural Frequencies, Natursl Mode Shapes,
and Forced Responses

The role of the ground vibration test in flutter engineering has
glready been reviewed earlier in the report. However, 1t may be helpful
once again to summarize the pertinent arguments.

It has already been pointed out that the first step in a theoretical
flutter computation is usually the calculation of a few of the natural
frequencies and corresponding vibration mode shapes of the structure in
still alr. This preliminary calculation mekes use of the basic engineering
informaetion on the mechanical characteristics of the structure, that is,
the data relating to the stiffness and inertisl characteristics of the
airframe. If a Rayleigh type analysis is to be used for the actusl flutter
computation, these naturel modes will later be employed as degrees of

freedom.
<
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The Important point to be emphesized here is that in a modal type
of approach to the dynamic analysis of the alrframe, the mechanical prop-
erties of the structure can be represented wholly in terms of the mass
distribution, the natural frequencies of the alrplane at rest, the natural
vibration mode shepes, and the structural damping. Except for the mass
distribution, these properties are all subject to verification in a prop-
erly conducted ground vibration test. (Structural demping can be deter-
mined by measuring the rate at whilech vibratlion dies ocut when exciting
forces are removed.)

When scaled flutter models are employed 1t is customary to conduct
vibration tests in still alr on both model and airplsne. Direct compari-
son of natural frequencies and mode shapes then provides a relatively
rapid check with regard to mass and stiffness distributions of the oversll
similarity between model and airplene. When flubter analysis is performed
on an anslog computer of the passive nebwork type, the procedure for using
ground. vibration test results to evaluate the accursey of the electrical
similation is essentlally the same in principle es the method used to
check the scaled flubtiter model.

In brief, the ground vibration test is, for the flutter anslyst, a
major source (and often the only source) of basic experimentsl data per-
taining to the mass and stiffness distributions (apart from serodynamic
characteristics) of the airplaene. The results of this test are intended
to provide him with an oversll evalustion of airframe paremeters that he
has employed in his flutter predictions. If the check is unsstisfactory,
measured ground modes and frequencies may be used directly in a f£inal
flutter anaelysis. The importance of this check to the flutter engineer
is comparable to that of the static proof test for the stress map.

Basic concepts: The plan of a typlicel airplane ground wvibration
test is generally formulsted in terms of concepte which are derived from
vibration theory - the theory of small amplitude vibration of elastic
structures with small damping. In fact much useful vibration theory is
concerned with ldeal systems having no damping whatsocever. Mathematical
analysis indicates that such idealized frictionless systems should exhibit
characteristic natural frequencies of vibration, and that with each char-
ecteristic frequency there is assoclated a definite vibration form or
mode of vibration (commonly called s normel mode). When an undamped
structure 1s set Into vibration in ocne of its normal modes and left o
itself, theory indicates that the vibration will continue indefinitely
at the natural frequency without change in shape and without loss of
amplitude. When one or more simisoidal forces of equal frequency are
applied to suitable points of the structure, 1t responds by wvibrating at
the same frequency. I the exciting frequency is made to coincide with
one of the nstural frequencies of the structure, the amplitude of vibra-
tion becomes exceptionally large (theoretically infinite if the structure
is undemped). This phenomenon is called resonance. Furthermore, if the
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resonant frequency is reasonably well separated fram other neighboring
natural frequencies, the form of the forced vibration will be practically
the same as the normal mode of free vibration corresponding to the reso-
nent freguency. ' '

Experience with practicel metal airplane structures indicates that
the damping due to internal friction is sufficiently smell to Jjustify
the assumption that natural frequenclies and mode shepes are unaffected
by it. Hence, 1t 1s reasonable to expect that mode shapes and natural
frequencies determined from ground rescnance tests should agree with
results of computation neglecting damping, and with data from resconance
tests on scaled models - if both the compubtations and model design were
based on correct elastic properties and mass distribublon data.

Testing methods: Since mode shapes and netural frequencies are
influenced by the matiner in which the airplane is supported, the design
of a suiteble support system for ground testing is of some Importance.

In many casee 1t is considered desirable to employ a soft suspension,

so that free body modes are obtained to a close approximation; this can
be accomplished with relative ease if the airplene is small. However,
such a condition 1s exceedingly difficult to obtaln for a very large
airplane, since the support must provide great strength to support the
welght of the airplane, a high degree of flexibility, very low friction,
and sufficient stability to safeguard the alrplane. Fortunately, 1t ia
possible to accomplish most of the necessary objectives with the airplane
on stiff supports. Therefare we may regard the development of a flexlble
support system for very large sirplanes as a desirable objective, but 1t
need not be given the highest priority.

Perhaps the most Important requirements for a satisfactory support
system are: ' T S

(a) The support reactions must be statically determinate. (Other-
wise the support system may lmpose undesirsble or unknown
restraints on the airplasne structure.)

(b) The supporting structure must either be very rigid or its elastic
deflection rates must be accurately known. If the primary pur-
pose of the vibration test 1s to check the flutter model, then
it will be sufficlent to test the model under comparable con-
ditions. On the other hand, if free body modes are wanted,
they may be obtained by a supplementery aenalysis using the
measured modes together with rigid body displacements as degrees
of freedom.

Sinusoidal forces are generally provided for ground vibration testing
of alrplanes by means of electromagnetic excilters driven by electronic
power supplies and contxol equipment. Commerclal pickups, amplifiers,

—
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and recording oseclllographs are usually employed for measurement and
recording of deta. Minlaturized equipment of the same general type is
employed for model testing. Extenslve reading of records and msnual
analysis of data are required.

Evaluation of current performsnce: Current procedures are reasonsbly
satisfactory for ground resonance testing when only low order modes are
required and the pertinent natural frequencies are well separated. Even
in these cases it is highly advantageous to employ several exciters, with
separate controls and equipment for rapid visusl phase comparison between
plckup outputs, to assist the operstor in obtaining the pure normsl mode
gt each resonant frequency.

In general, it can be said that a very serious lnadequacy exists
whenever 1t becomes necessary to deal with complex modes of an airplsne
having natural frequencies close together. This situation is apt o
occur on any alirplane if s lerge number of modes of the entire structure
sre required, due to interaction between components (it can oceur, e.g.,
if uncoupled frequencies of wing and empennsge should heppen to coincide).
The problem is particularly troublesome and practically Iinevitable on
large, flexible aircraft carrying external stores and/or flexibly mounted
wing engines. One way in which the diffliculty menifests iltself is through
an inebility to get the various masses of the system moving in phase with
each other at resonance. Since the relstive phases of motion of different
parts of the structure exhibit erratic varistions, it 1s clear that the
shape of the response cannot be regerded a3 g normsl mode. This is- fur-
ther confirmed when the exciting forces sre removed. FEach of the modes
which is present in the steady forced vibration then decays at its own
natural frequency; since these nabural frequencies are slightly different,
beats gppear. Under these circumstances it is impossible to determine
how much of the discrepancy between forced response and calculated mode
shape should be attributed to Inadequate test technique and how much to
errors in vibration analysils.

The work of lLewis and Wrisleyl is a very important contribution to
the development of a satlsfactory system for airplane ground vibration
testing. The basic principle of this method is that the structure should
be regerded as a collection of lumped masses, and an exciter should act
near the centroid of each mess in the direction of vibratory motion. - All
exciting forces are in phese or in phase ogposition to each other (rela-
tive phase angles restrickted to 0° and 180°); force amplitudes are inde-
pendently adjusteble. The recommended test procedure for obtalining a pure
mode is to adjust each force in proportion to the product of mass and dis-
placement. If the frequency is tuned to resonence and adjacent natural

liewis, R. C., and Wrisley, D. L.: A System for the Excitetion of
Pure Natural Modes of Complex Structures. dJour. Aero. Sci. vol. 17,
no. 11, Nov. 13950.
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frequencies are not too near the exciting frequency, then the process
wlll converge to yield the desired normsl mode. When convergence has
been achieved, the distribution of exciting forces is proportional to

the vibratory inertls loading in the desired mode; because of the orthog-
onality relations between modes, none of the unwanted modes are excited.
This procedure bas been used very successfully on simple lumped mass sys-
tems with varying amounts of damping added to the system. The resulting
measured modes exhibit the expected characteristics of pure normal modes
(uniformity of phase throughout the structure, absence of beats in decaying
osclllation when exclting forces are removed); also they are in close
agreement wlth theoretlical computed modes of the system.

The system of Lewls and Wrisley has also been used a few times for
demonstration purposes on small airplanes. However, 1n splte of its
attractive features, this approach has never been applied systematically
for testing large alrcraft where mode Interference is a serious problem.
The reeson for this is that a very large investment in equipment would
be required, because of the number of exciters and associated control
elements needed to match a lumped mess -ldeallzetion of a complex, attenu-
ated structure with many mseses. This in iitself might not be a complete
deterrent, in view of the seriocusness of the basic problem; but there 1s
also reason to belleve that the iterative scheme for force adjustment
will not converge if the structure has naftural freqnencies that are nearly

equal.

Need for research: One of the necessary steps in acquiring the
ability to meke quantitatively sccurate flutter predictions with a high
degree of conslstency is to accomplish certain advances in ground reso-
nance testing. A fundamental research program is required for the devel-
opment of testing equipment and new techmiques. One promising line of
investigation would be almed at developing (and demonstrating by tests
on structures of suitable complexity) a system w1th the following

capabilities:

(a) To determine sccurately all of the natural frequencles of a
glven structure up to the highest frequency that is likely
to be of any interest for flutter, regardless of frequency

spacing

(b) To excite and measure separastely each of the normal modes cor-
responding to the pertinent natursel fregquencles of the structure

Although a considerable quantity of theoretical vibration data usually
exists when the ground test 1s conducted, the test operation itself should
be completely independent of these data. Purely experimental procedures
should be developed for determining natural frequencies and exclting the
corresponding modes; empirical criteria should be used in judging the
validity of the results. The amount of test equipment should be as small

Slln—.
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as possible. The principal problem is to eliminste only those modes
whose frequencies are close to that of the desired mode; hence it seems
unecessary that the excltation should be orthogonal to modes whose fre-
quencies are more remote. This suggests the possibility of a system
using fewer exciters than that proposed by Lewls and Wrisley. Consider-
ation should also be given to the use of high-speed computers and automatic
dste processing eguipment. Initial developmental testing might be per-
formed on a small-scale lsboratory specimen, preferably with some pro-
vision for producing variable frequerncy ratlos. Final evalusbtion should
be accomplished by testing seversl systems whose corplexity approaches
that of actual airplsnes; perhaps scaled flutter models might be used for
this purpose.

Another approach which is favored by some flutter specialists would
abandon the attempt to excite normal modes, and merely seek to determine
the response of the structure (both in amplitude and phese) as = function
of frequency, when excited by sinusoidal forces at various points. Results
of such a test would be compered directly with theoretical forced response
data. It will be necessary to conduct further research in the physical
basis of structurel demping of practical aircraft structures In order to
succeed in a program of this nabure, since there 1s no reslly satisfactory
theory of siructural dsmping at the present time. Further, research is
also needed on the forced response of sircraft having powered. control
systems, with particular attention to nonlinear effects.

Measurements to Determine Stiffness

Because of the greast importance in flutter of the forces due to
structurel deformation, numerous abtitempts have been made by aircraft
menufacturers to obtain e direct check of structural stiffnesses by meas-
uring static deflections of the airframe under known losds. However, for
g number of reasons to be mentioned in the following paragrephs, these
efforts have been relatively unsuccessful. Nevertheless the objectives
of this sort of test are extremely worth while, and it is felt that a
resegrch program is needed to develop adequate techniques for this kind
of testing.

The aim should be 1o obtain sufficiently comprehensive flexibility
or stiffness data to serve for sccurate calculation of vibration modes
and. frequencies of the complete aircraft, up to the highest order required
for flutter analysis. Initially this work might be performed at room tem-
perature, although it should be recognized that stiffness measurements
are likely to play a very lmportant role in flutter prediction for strue-
tures which are subjected to aerodynamlc heabing. Therefore, it is clear
that the development of techniques for stiffness measurements on heated
structures 1s an extremely importent research obJjective.

g, T
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Since structural interaction between components hes an lmportant
influence on vibration cheracteristlcs of the alrplane, 1t is essential
in making stiffness measurements that the airplane be treated as a com-
plete entity. Obviocusly 1t must be supported in such s way that the sup-
port system does not Introduce any constraints on the alrframe. Deflec-
tions should be referred to a reference system attached to the aircraft.

It should be recognized that a high degree of accuracy 1s required
in stiffness measurements which are to be used for prediction of vibra-
tion modes of moderately high order. The reason for this may be attrib-
uted to the complexity of the vibratory inertia loading, which may
exhibit several reverssals in direction within a single component. Because
of this complexity, so-called secondary effects (transverse shear, shear
lag, torsion-bending, and other effects as yet unnamed) tend to be
important. ' :

Another source of unusual difficulty arises from the fact that very
large loads are required o produce measureble deflections in the stiffer
parts of the structure. Perhaps the solution to this diffilculity lies in
the development of more sensitive instrumentation.

Hence, it is evident that the development of adequate experimental
techniques for determining structurel stiffnesses is an exceptionally
difficult problem. In order to obtain a satisfactory solution, it seems
likely that a basically new technique and/or a new system of instrumenta-
tion will have to be devised.

Oscillatory Aerodynamic Forces

Experimental values of the alr forces on osclilating air forces are
of primary value s a basils for evaluating the eccuracy of aerodynamic
theory. Although often suggested, the employment of experimental oscll-
latory coefficients in a flutter analysis hes been seldom attempted.

As shown in figures 2(a), (b), and (c), a relatively small number
of oscillatory air forces have been determined experimentally.

The greatest bulk of data existing in thie field has been obtained
at very low subsonic speeds and for two-dimemsional eirfoils. Iits prin-
cipal purpose has been to prove or disprove the existing theories, and
it has indicated that the subsonic two-dimensionel theory 1s quite satis-
factory, where no separation is present. However, a critical lack of
information exists in the transonic and supersonic speed range.

In the charts all known measurements are included. It appeared
unreasonable to attempt to present charts showing all the possible varl-
ations that might be of importance in the flutter problem; instead, the
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air forces have been classified sccording to the three basic types of
rigid modes of oscillation. To date there is only one known case where
air forces have been measured with elastic modes.

The individual cherts sre divided by the parsmeters two-dimensionsal,
three-dimensional, and so-called interference effects. The additional
split between high and low aspect ratio has been determined for the time
being by a parsmeter, based on aspect ratio and thickness, established
in steady-state serodynamics. It 1s belleved that such a division 1s
very important, particulaerly in the transonic case, and might allow for
computations based on slender-wing theory to predict with good accuracy
£lutter cases in the low-aspect-ratio regions.

For high aspect ratio, it does not appeer that theory will be gen-
erally satisfactory 1n the transonic reglion without considerable modifi-
cation based on experimentally measured air forces, due to the increased
Inmportance of two-dimensional effects. Where some measured ailr forces
do exist, it has been shown that relstively large changes 1n the air
forces occur due to Mach number, angle of attack, thickness, and thick-
ness distribution. These effeclts may be modified agaln by finlte-span
influences.

The interference parsmeter includes alr forces measurements made
in the presence of tip-mounted external stores snd spoilers mounted on
two-dimensional wings. It should include, if date were availsble, other
interference effects such as strut-mounted and semisubmerged stores,
fuselage interference (particularly in the supersonic region where wing
bodies can no longer be considered separately), and the interference
between horizontal and wvertical stabilizers.

A special type of interference can occur supersonically on vertleal
or on horizontal stabllity surfaces created. by oblique shock waves orlg-
inating on the main 1ifting surfaces, on stores, or on other discontinu-
ities on these main lifting surfaces. It has alresdy been shown that
these effects can be seriocus in staebillty studies. The most serlous pos-~
sibility is the direct zerodynamic coupling between the primary lifting
surface and the stability surfaces.

The most importent parameter not indicated on the charts would be
sngle of abtack, which, if included, would be split intc effects both
below and above the stell region, in addition to those at zero angle of
attack. In addition, all of the followlng items can have important
effects:

() Airfoil section:

Thickness
Thickness distribution

ol



26 sylilivaau. NACA RM 56I12

(b) Wing plen forms:
Aspect ratio
Taper ratio
Thickness taper ratio
Fixed root
Elaestic root
Rlgid modes
Elastic modes

(e) Wing-body combinations:
Fuselage wing
Primary surface on secondary surfaces
Stores:
Strut mounted
Attached and semisubmerged

The stetue charts, along with the presentetion of the considerable
number of variables not shown by the charts, indlicate an almost insur-
mountable amount of required future research. It is therefore desirable
to discuss 1n some detail a proposed fubure research program which even
in its drastically reduced. nature will st1ll regquire a greatly expanded
effort in order to complete in time %o be useful in the 1959 to 1966 design

period.

The criterion used to establish the lmportent research areas will
be: Where 1is theory inadequate, or spparently inadequate at the present
time, and where do we have clear indications that checks on supposedly
adequate theory are desirable? These conslderations will also define
the Mach number, angle of attack, and configuration.

Inadequate theory: Subsonic-high-angie-of-attack theoretlcal
approaches are as yet Inadequate. Research already completed has indi-

cated certaln trends; primardily, however, it has been shown that the
degree of instability is assoclated with the type of stall being encoun-
tered. It is necessary to sctuslly measure alr forces on finite-span
elastic wings to obtaln a more useful approach to the stall-flutter

problem. .

The actusl plan forms recommended for Iinvestigation will be the same
as those to be recommended for transonic investigaetions. It is possible
that In a transonic facllity some of the high-angle subsonic work could
be conducted in conjunction with trensonic investigstions.

The transonic speed range is the most serious region insofar as
adequate theory is concerned. Transonlc pltch and transletion air forces
are seriously lacking for finite-span wings. There 1s some hope here that
theoretlcal approaches might be developed for slender wings, as was indi-
cated In the discusslon of the status charts. It appears desirable to
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begin this reseerch with a series of affinely related rectanguler wings,
as has been done for the static-aerodynamic case. These wings should be
oscillated in elsstic modes. It should be pointed out that, although
shaking models in elastic modes presents a research technique problem,
it 18, as a matter of fact, as difficult to oscillate three-dimensional
wings in rigid modes because of the always present elastic components
which can cause extreme difficulty in evalusting results. In all cases
alr forces should be obtalned, at a minimm of three-spanwlise stations,
and the overall integrated air forces should be measured. The following
parameters should be investigated:

(a) Aspect ratio - 1 to 6

ess ofar as structur eas s from perceﬁ o
(b) Thickness, insof truct feasible, f 2 tt
6 percent

With the above basic test completed, checks on effect of airfoll
shape should be made in the slender-wing or low-aspect-ratio region and
in the high-aspect-ratio region. The research should then proceed to
investigate plan-form effects, such as taper ratio and sweep, including
delta plan forms. It is agaln recommended that insofar as possible and
practical the research be conducted using controlled elastic mode shapes.

As pointed out previously, of all the transonic preblems, those
involving control-rotation air forces, for example, "buzz,” are respon-
sible for more seriocus flutter problems than from any other single psram-
eter. A need exists because of our insbility to predict with any degree

of relisbility the deterioration in damping encountered in this speed
range. The primsry variables requiring investigation are:

(&) Control chord, in percent of wing chord

(b) Effect of aerocdynamic balance

(c) Type of aerodynamic balance

(d) Spanwise effects

(e) Control contour, including airfoil shape sghead of control
(f) Percent of wing span

(g) Spanwise control 1ocati6n

(h) Effect of wing plan form

A program set up to investligate all of the above factors and their
effects on each other would be impossible to complete in any reasonsble

T
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time; however, it 1s believed that by proper techniques many basic prin-
ciples can be uncovered. Thls technique should Involve the measurement
of air forces at several spanwlse stations in addition to measuring the
complete Integrated alr forces. In addition, it is vitelly important
that as principles are uncovered, every effort should be mede to investl-

gate methods of increesing the control damping

Adequate theory does not exlst in any speed range that can account
for all posslble interference effects. These interference problems were
mentioned in discussing the status charts and to some extent in the pre-
vious discussions concerhning specific speed ranges. Stores must be con-
sidered & primary problem, and it 1s recommended that representative
stores be designed for instsllation on a number of the three-dimensional
models. These stores would be typical installations, and the speed renges
should be those in which the configuratlon would be expected to fly.

The other types of interference such as spoilers and speed brakes
should alsc be checked on representablve wings bullt for fundamental

reseaxrch.

Work of thie type would be aimed at obtaining generalized results
in order to reduce the magnitude of the Job as much as possible.

Since the research work must be aimed at generalized results, it
would be highly desirable to develop and publish techniques that would
permit rapid evaluation of specific airplane configurations by model

tests.

Adequate theory: There is some reason to belleve that supersonic
theory will be satisfactory except in the Mach number reglon near shock
attachment and for secondary problems of separation. The separstion
problem which is not accounted for in any existing theories will tend to
increase with increasing Mach number, and checks on the percent deviation
from theory wilill be desirable. Controls of the trailing-edge type would
be most seriously affected by separation. Another problem exists in the
region of shock attachment, since wing ocscilletion mlght detach a stati-
cally attached shock, and the possibility of recurring detachment 1is
immediately espparent, and this would be difficult to treat theoretically.
Of course, the complete wing and all its alr forces will be affected by
the possible shock detachment problem. '

The specific type of research will be limited by avallable facllities,
particularly in the Mach number 3 to 5 region. It is recommended that two-
dimensional work which could be conducted in relatively small resesarch
facllitles be performed to obtain a preliminery evaluation of theory.

The variables to be investigated would be glrfoll sectlon and thickness
end controle. In the higher supersonic Mach number ranges thls work will
be of considerable value since more of the wing scts in a purely two-
dimensional manner. The results of preliminary tests would have to be

S
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evaluated to determine the amownt of additional two-dimensional work
that would be desirable.

It is also desirable to investigate concurrentliy with the two-
dimensional work some representative three-dimensional wings In order to
obtain relisble checks of the usefulness of two-dimensional research.

In addition, it can be expected that three-dimensional elastic wings can
develop special problems due to the expected spanwise variastion in separsas-
tion and shock attachment when oscillating in elastlc modes. These par-
ticular problems in themselves dictate the necessity for conducting three-
dimensional elastic model research on typical plan forms.

Sufficient data: The problem that hds been discussed is not specific
concerning the magnitude of the research. It is, of course, necessary for
the research agency to detell the programs based on the type of facility
involved and the amount and type of manpower availseble. Maintaining the
present level of effort dwring the next 5 to 10 years wlll not approach
solving the problemse that have been outlined. Thig is obvious from the
status charts, which indicate the availabllity of all known tramsonic
and supersonlc air forces obtained in the last 10 years. It is immedistely
apparent that the present level of effort must be increased several times
in order to make significant progress in the present and future critical

period.

Flutter Models

The purposes of flutter model tests include, smong other items, the
following: ’ .

(a) Aircraft structural integrity determinaticn

(b) Mach number and dynsmic pressure trends in terms of velocity-

v

Dag\fit

versus M

bay, W
stiffness indices - = versus M, and
Ho

to define the critlcal reglons

(c) The flutter susceptibility of various new design configurations,
the critical modes and corresponding flutter prevention design
criteria

(d) Evaluation of analytical flutter predictivn techniques and of
need for improvemente in flutter prediction theories

(e) Determinstion of generalized flutier forces (derivatives) from
systematically conducted tests

.
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(£) Optimum design from a flutter viewpoint and fiutter prevention
meeans .

A brief evaluabion of recent tests appears to indicate that the emphasis
is being placed on the first three items. Although significant man-hours
are being devoted to item (d) above, additional emphasis in this ares is
needed. In many cases, flutter model speeds are compared with reference
flutter velocitles derived from simple snalyses which employ two-
dimensional, incompressible flutter derivatives even though the effects
of aspect retio and compressibility are significant. It is considered
advisable to seriously consider the use of a better reference flutter
speed which is based on more accurate theoretical or semirational pro-
cedures which reasonably account for spanwise and chordwise loadings.
Although additlonal time will be necessary to introduce more elaborate
reference analyses, it is estimated that a mejor payoff will occur through
a significant reduction in the scope of expensive flutter model tests
where, in general, an ad hoc experimental approach ls employed. A better
basic understanding of the flutter mechanism can conceivably be obtained
by improved analyses not only in the form of velocity but also in terms
of margin of stabllity or damping g. The reasons for mild end violent
modes might be more clearly understood.

The last item under (f) deserves special mention. In view of the
increase in flutter problems and problem areas, 1t asppears that research
in this area, which has been neglected to a large extent, should defi-
nitely be emphasized end pursued.

Brief mention might be made of the desirability of standerdization
of flutter symbols in presenting flutter data.

Status of experimental flutter model data: The stabus of presently
available informetion is summarized in table IV. This evaluation is made
from the viewpoint of the practicing flutter engineer who is concerned
with falrly direct applicability of available data. For some types of
conflgurations the information is generally adequate. However, it appears
that slmost all areas require evalustlon and consolidation of information.

b
More date of velocity index type -:Bf Eoor Y . versus Mach number
& | ko oy, | /1

are needed to define the critical dynamic pressure and Mach number regions.
For some configurations additional data are needed to indicate the effects
of fuselage flexibilitles and body freedom on the flutter modes. These
motions are especially important for wings with stores and may be fairly
significant (in terms of flutter velocity and damping margins of safety)
even for clean wings.
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The areas requiring perticular sttention at the present time sppear
to be:

(2) Mass unbalanced conventional control surfaces
(b) T-tails

(c) Control-surface buzz

(d) All-movable control surfaces

(e) Wings with stores

In addition, the thinner surfaces proposed for supersonic speed
ranges require additional date for Mach numbers above 2.5.

Comparison of model and aircraft resulits: Unfortunately, there are
very few cases where model and asircraft data are both awvailable to assess
the sccuracy of model testing techniques. Two recent cases are known.

One case involved a bomber with pylon suspended engine where the model
incorporated fuselage flexibilities and freedoms. If the model results
were used directly without prior knowledge of the aircraft resulis, it

is quite probable that the aircraft flutter speed predicted on the basis
of the model results would have been about 10 percent unconservative.
Compressibility effects are negligible in this perticular case. In
another case involving a bomber wlth several external stores (pylon sus-
pended engines), the low-speed model results taken at face value predicted
flutter stabllity although low damplng in some modes was Indicated, and
the flutter speed in other modes was Just above the limit dive speed.

Thé airplane fluttered In a higher-order wing mode which was not predicted
by Initial model tests. Thus, In this particular case the model was also
unconservative.

Additional comments could be made by comparison of model and air-
craft results if g - v data for the critical modes were availsble. Since
full-scale flutter flight tests where actusl filutter conditions are encoun-
tered will likely not be permitted except possibly by a nesr approach to
flutter, 1t sppears highly desirable to obtain model amplitude versus
frequency response dsta at several airspeeds to compare with corresponding
aircraft data.

Thus, the few cases for which data are avallable indicete that model
results can be unconservative. However, sufficient data are not availeble
to draw fairly firm conclusions regarding general flutter model accuracy.
These additional data ere urgently needed and should be obtained. Over-
conservatism is not desired because of other penalties (weight, perform-
ance, ete.) bubt, on the other hand, unconservetism cannot be tolerated in
view of the risks involwved.
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Model simulstion: For models that can be represented by a spar type
of constructlon, it may be possible to simulate the specified (not air-
craft) stiffness characterilstics to approximestely 5 percent. In more
complicated structures where en influence coefficlent approech 1s nec-
egssaxry, an accuracy of better than 10 percent can probably not be obtained.
The above comments pertain to models that are tested in high-density envi-
ronments since it is extremely difficult to simulate large; low load-factor
aircraft by means of small models tested In low-density facilities. Ailr-
creft flutter models should generally be as large as possible and should
be tested in as high a density faclility as is practical.

Mass simulation (weight, center of gravity, and moment of inertia)
presents a problem and must be strictly controlled especlelly where sev-
eral similar models are used and repetition of perameter accuracy le nec-
essary. Mass control to a large extent ls experimental and may not be
guaranteed as closely ag stiffnesses.

In general, model stiffness simulation appears to proceed along the
following lines. An evaluation of the stiffness distribution of the air-
craft is made. A similar or equivalent (not necessarily s replica) dupli-
cation 1s made of structural elements. If the alrcraft structure approxi-
mates plate characteristlcs, then a plate-like structure will have to be
employed and the usual "beamclogy" spproach must be discarded. Since the
above approach will not generally simunlate local stiffnesses and since
accurste duplication of influence coefficients is not possible at this
time, the higher-order modes and freguencies on flutter models will prob-
ably not be sufficiently simllar to those of the ailrcraft and the model
will probably not yleld sufficlently accurate resulis for these particular
modes. Thils problem area should be resolved since the thinner swrfeaces
of future supersonic and hypersonic alrcraft may result 1n the occurrence

of higher-order flutter modes.
Effort in the simulation of actuators éﬁd'dﬁﬁﬁers is also needed.

Model support: In testing of low-speed flutter models which incor-
porate body freedoms, many contractors have encountered body-freedom-type
instaebilities. Most of these instabilities were solved by essentislly
cut-and-try methods. One case is known where the body instebility could
not be prevented even with a very forward center of gravity.

In general, it appears desirable to incorporate body freedoms and
fuselsge motions in flutter models even for clean wing models to approxi-

nate root impedance effects.

For supersonic and transonic tests, it does not seem desirable to
fly models but rather to restrain the model with approximately correct
root effects. Trim surfaces to provide attitude control may be regquired.

dftilhmane



NACA RM 56112 F F 33

The general ares of model support techniques and their possible body
instabilities deserves further study end evaluastion.

Component versus complete aircraft model testing: Wherever possible,
the entire aircraft including rigid body freedoms should be modeled espe-
clally on subsonic models where it is more practical to do. Such low-
speed tests can be employed to determine the deslrability and accuracy
of component testing by locking out or restraining modes of motion.

The effect of fuselege degrees of freedom or body motlions is probably
quite important for wings with stores, T-teils, and all-movable control
surfaces. Body impedance characteristics should therefore be simulsted
or approximated. Body modes end fuselsge degrees of freedom may influence
even clean wing flutter results and some tests should be made to deter-
mine fuselage effects to provide sircraft designers with a basis of evalu-
ation for cantilever tests.

Model tests are considered necessary to evaluste the advissebillby
and accuracy of component testing and to determine the effect of fuselage
freedoms on cantilever tests.

Simulation of liguid fuel: The similarity rules necessary for repro-
ducing liquid fuel effects in models should be Investigated if such an
investigation is not already availsble in the literature.

1t appears possible to simulate viscous effects if a 1:1 velocity
ratio and a high-density faclility are employed since then the Reynolds
number would be high. However, simulation of other dimenslonal parameters
such as the Froude number which 1s related to fuel wave length may be
necessary.

Simulation of fluld effects by means of model tests in low-density
facilities does not appear feasible.

Excitation and instrumentstion: The importance of defining flutter
modes in experimental tests is reallzed. Vibrabtlon measuring equipment
is generally avallable for the larger flutter models. Strain-gage equip-
ment can be used for obtaining date which can be employed for determining
modes of semall models. However, small, lightwelght accelerometers are
needed to define emplitudes at strabtegic locations and boundary condition
information for strain-gage intelligence.

For wind tunnels having high~turbulence lewvels, no forced excitation
may be necessary for general fiubtter research. However, aemplitude versus
frequency data at vaerious airspeeds may be required in certain tests to
evaluate marginally stable modes of more complex model investigations.
Some research to develop suiteble methods especially for small models is
considered advisable.
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Temperature: Models which are constructed to be tested in an environ-
ment which simulates temperature effects will probably consist entirely of
metal construction.  They therefore will be heavy. In view of the present
difficulty of simulating welght for small models, it may be impossible to
construct a dynamically simllar thermosercelastlc model for testing in
heated supersonic wind tumnels unless these tumnels operate at very high
densities. If such high-density tunnels were avallable, trensient as
well as steady-state temperature effects could conceivaebly be obtained
by injecting 'cold" models.

Other facilities which could be employed for thermoaeroelastic studies
are free-rocket and sled-rocket facilitles. However, 1t appesrs possible
that a geometric scale ratio of less than one even for a replica (scaled
down, bit by bit reproduction) type model will not simulate heat transfer
and temperature effects. It also appears possible that trajectory limita-
tions for a rocket test may prevent attaining the proper speed-altitude-
Mach number - dynamic pressure parsmeters necessary for simulating temper-
ature effects of an alrplane in 1ts own speed-altitude environment.

Since the simulation rules for thermoserocelastic models are not aveil-
able in the Y terature at this time, it is considered very worth while to
publish a report on this area. This report should eveluate the possibil-
itlies of thermal simulation in flutter model testing using presently
avallable and proposed facilities.

Facllitles: Wind-tunnel, free-rocket, and rocket-sled facllities
exist for testing of Flutter models (temperature effects not included).
Sufficient low-speed wind tunnels are avallsble for the prellminary sub-
sonic tests that are generally conducted by the contractors. However,
in view of the state-of-the-art and in vlew of the lower margins of safety,
airplane and missile contractors must conduct transonic and supersonic
model tests on a research and development basis. Additional transonic
and supersonic wind-tunnel time or wind tunnels are needed to provide
both research and development flutter information. Such tunnels should
be preferably of the higher-density type.

The sled facility is considered to be an excellent facility for go
or no-go flutter tests of moderately sized aircraft components. However,
1ts conbrol and expense mske 1t & less desirable test facility than a
wind tunnel. Its utility for those tests for which it is especlally
gualified i1s well known and appreciated.

Rocket-model tests sre also quite expensive and are a one-sghot prop-
osition although recoverablie rocket procedures could be developed. In
many cases rocket tests must be employed, especlally where the speed range
of available wind tunnels is not sufficlent or where asircraft parameters
cannot be simulated. However, in genergl, the free-rocket testing pro-
cedure is less desirable 1f suiteble wind tumnels are avallable, since

-
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more information cen generally be obtained quicker and cheaper Iin the wind
tunnel. However, rocket tests should be made frequently to substantiate
the flutter date obtalned by wind-tunnel tests.

The sled facilities appear sufficient at the present time but lncreased
use, for example, temperature investigatlons, may requlre additionsl avail-
ability (hours) or facilities. Similer comments epply to the free-rocket
testas except that flutter demands on this type of facillity will likely
increase in view of lack of wind-tunnel facilities in the high supersonilc
speed range.

Should a similarity-rule study and an eveluation substantliate the
possibility of using hested wind tunnels for thermoserocelastic studies,
the single wind tunnel being considered by the NACA will not 1likely be
sufficient unless a high percentage of time is devoted to flubter research.
More facllities of thilis type msy therefore be necesssry. In addition,
serious consideration should be given to need for flutter reseasrch facil-
ities for the Mach number range above 3.

Flight Flutter Testing

The increasing importance of flight flutter testing as a branch of
flutter engineering has been mentioned earlier in the report, but a brief
recepitulation of the underlying reasons 1is of value.

As airplane end missile performance increeses, and as new speed and
temperature regimes are entered Into, it appears certsin that design dif-
fleulties from the flubter point of view will become more severe. More-
over, probliems of design-office flubtter prediction will also increase as
a8 consequence of the growing complexity of the airborne vehicle and its
missions. To insure that en adequate safety margin for flutter truly
exists in a new model, more and more dependence wlll probably be placed
on proof £light tests, that is, on flight flutter testing of the prototype
aircraft, in the same sense that performance and flight load proof tests
are now undertaken.

In eddition to providing sn estimate of the flutter sefety mergin,
flight flutter btesting is also an important research and development tool.
Through such studies, the nature of the flutter modes on actusl aircraft
cen be identifled, thelr stability in the region immediately below the
flutter speed can be sppraised (serving as a firm basis for extrapolating
to the flutter condition), and research information can be gained regarding
the mechanical and serodynamic counterparts of the flubtter mecheanism.

While some flight flutter testing has been undertaken by Industry in
the past, particulsrly when studying mild flutter modes associated with
control surfaces, it is probably correct to ssy that our knowledge of the

‘* i -
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techniques for this type testing are woefully lnadequate. Stated dif-
ferently, 1f the premise is accepted that flight flutter testing is an
increasingly important research and engineering tool, then the conclusion
must be drawn that our present status of knowledge is at least an order
of magnitude behind our requirements.

When considering f£light flutter testing as an engineering tool, the
question of its safety at once arises. TFor studies of mild flutter modes,
it 1s of interest to note that at least one alrcraft company dilsplays no
hesitation whatever about flying a new model near the flutter speed. On
the other hand, the dangers of an improperly conducted flight flutter
program are well 1llustrated by the classic von Schlippe tests, imn which
a bending-torsion wing mode was approached (and probably reached) with
catastrophic results.

Proponents of flight flutter testing have recently suggested certain
new and promislng experimental approaches. They point out that artificsl
stability of known magnitude can be added to the system. (This is par-
ticularly simple when desling with movable elements such as control sur-
faces.) By this technique, the flutter speed of the vehicle can be reedily
controlled and raised, perhaps even to the extent of converting a wviolent
(catastrophic) mode into one of the mild varilety. Flight tests can then
be conducted safely at relatively high speeds, covering the flutter regime
for the ummodified system; by studylng the flight test data and subtracting
snalytically the effect of the ertificially added stability, the perform-
ance of the uwnmodified wvehilcle can be deduced.

The procedure of controlling the eystem stabllity by artiflcisl means,
if successful, will obviously be a major step forward in lmproving the
safety of flight flutter testing. To date, experience in this direction
is limited to only a few trials, and these only with mild tail-surface

nmodes.

The instrumentation for flight flutter testing is, in principle, of
a relatlvely strailghtforward nature, but considerable difficulties are
encountered Iin obtaining sultable and useful flight flutter data. Both
sinusoldel or pulse-type excliations have been employed, and difficulty
is realized in both cases in achleving sultasbly large (though not dan-
gerous) alrcraft responses in regions of low-to-moderste stability. Both
types of excltation have theilr particular adventages, the pulse-type
exciter being the least expensive to install (in some cases the "stick-
benging" technique is employed), while the sinusoidal exciter probably
affords the more reliable oversll Iinformeation.

Other instrumentation problems of flight flutter testing include the
isoletion of the aircreft response to forced vibration from the random
and uncontrolled responses which accompany flight in rough alr. The prob-
lems of achieving accuracy in the reduction of flight detsa are obviously

connected with the slgnal-to-noise ratio of the recorded date, and practical
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means are required to permit reducing £light data when this ratio is
small. It must be apprecisted that unless accurascy can be achieved in
the flight observations in regions of low-to-moderate damping, then plan-
ning of the flight tests into areas near the flutter speed becomes both
difficult and uncertain.

It should also be mentloned that further research is required to
yield a betfer understanding of the basic dynamicel considerations
involved in £light flutter testing. Thus, when sinusoidal excitation
is employed, it is conventional to sweep a frequency range, witlle
attempting to measure the response versus frequency characteristics for
a test speed and altitwde. It 1s known that the sweep rate of the exciter
will distort somewhat the nature of the records obtained, and in most
cases the speed and sltitude will be continually varying. For high-speed
testing, particularly where the times available for a test run are small,
it is obvious that interpretations of the flight data must be considered
carefully. It 1s slso clear that great ilmportance is attached to an early
identificaetion of the violence of an gpproaching mode. These are but
typicel problems requlring clarification, and are representative of the
type of dynamic research needed to strengthen our understarnding of flight

Plutter technigues.

While every effort is belng msde in thils report not to overexaggerate
the research requirements of the flutter engineering area, it can be stated
without hesltation that a systematic research progrem on f£flight flutter
testing is an absolute necesslty for the near future. This test technique,
because of its importance in fubture design, must be developed to the point
where it ie both fruitful and safe. A coordinated flight research and
theoretical program, almed at studying the performance of aircraft dis-
playing typical flutter modes, 1s probably the only menner in which the
safety question and other pertinent matters can be clarified.

STMMARTZATTON

This survey and evaluation of flubtter research and engineering
attempts to appraise the present status of the "state-of-the-art,” and
suggests areas in which resesrch is requlred to close gaps in our existing
design knowledge. TIn order to somewhat circumsecribe the coverage of the
report, principal consideration 1s given to the matters relating to fixed
surfaces and primary controls. A listing of the more lmportant items dis-
cussed in detall in the survey is as follows:

1. A historical analysls of actuel flutter occurrences during the
last 10 years experienced with U. S. military aircraft reveals at least
54 known cases. The consequences of flubter in these instences range
from complete loss of the aircraft to moderately severe structural demage;

F 4
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this in turn has resulted in delaye in resdying the vehicle for service
operation (in some cases up to 6 months), considerable expense in cor-
recting the difficulties, as well as increased maintensnce end/or decressed
performence for some of the vehlcles. This flubter history indicates that
present design criterle are not completely adequate to cope with flutter
deslgn problems.

On future airborne vehicles, the design demands of higher performance
and new configuretions may well lead to an increase in the number of f£lut-
ter occurrences, unless adequate design tools for their prevention are
provided. This implies that research effort in the flutter fleld must
be expanded considerably 1f this objective is to be met.

2. Our present understanding of the dynamics of flutter is in some
respects ressonably adequate, although many important guestions are still
not thoroughly understood. For example, simple and dependable methods
for predicting whether a flutter mode is of the catastrophic or mild
variety are not yet avallable, and few general rules are avallable to
serve as a basis for the synthesis of optimum flutter-free aircraft sys-
tems. Only a beginning has been made towasrd understanding the complica-
tions introduced by high-speed flight in regions where thermal effects
are important.

3. As a first step In a theoretlical flutter analysis, the flutter
engineer will usually celculate the pertinent natural frequencies and
normal vibration mode shapes of the airframe in still alr. These are
not only useful for the subseguent calculstion of critical velocltles,
but are also employed for comparison with ground vibration tests; this
latter comparison affords a valusble check on the engineer's understanding
of the mechanical properties (irertial and structural) of the system.

While present techniques for cslculating normal modes are reasonably
successful for conventional aircraft of not too low aspect ratio, they
are generally inadequate for the handling of very low-aspect-ratio sir-
craft, end large alrcraft of flexible nature and carrying a variety of
flexibly mounted components and external stores.

Rational methods are not presently avallable for estimating the
damping assoclated with vibratory aircraft motions, such information gen-~
erally being obtained experimentelly from the ground vibration test. This
purely experimental treatment of the demping parameters (which mey be of
considerable importance in fixing the critical flutter speeds), dces not
completely satisfy design requirements.

Further study is requlred to improve current tecinigues for natursal
mode studies, both from the theoretlcal snd experimental points of view.
It 1s suggested that a systematic anslytical and experimental study,
employing representatlve full-scale vehicles, be used as a basis for
refinement of our knowledge in this area.
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4. The present status of knowledge in regard to the analytical com-
putatlon of oscillasbory aerodynamic flutter forces is excellent in some
areas and lacking in others. Two-dimensional potential f£low methods are
reasonably well developed with only few exceptions; however, three-
dimensiocnal potential flow methods are in a continuing state of flux and
are currently being defined and evaluated.

The two-dimensional methods have been very useful in studies for
large-~-aspect-ratio surfaces, and it appears that further research in
this area should be confined to studies relating to speclal mode patterns,
such as those Involwving airfoil camber, and to studies of certaln control-
surface problems, such as buzz.

Consilderable additional research 1s required in connection, with three-

dimensional potential flow methods, Which.methods are badly needed.by
Industry for the design of low-aspect-ratio wings and wing-body combinse-
tlons. In this area, it appears necessary that multiple 1ifting-line
methods be employed, or that lifting-surface methods be used, these being |
readily appliceble to the treatment of elastic vibration modes of & gen-
eral character.

Greater emphasls is also needed on studies of thickness effects at
high supersonic speeds, and on the use of indicial functions as a flutter
tool. Attention should also be given to the development of additionsl
theories which accowmt for viscous flow effects, such as separation.

5. The available numerical methods for calculating critical veloc-

ities from the eqpations of motion are reasonsbly adequaite, and research
along these lines 1s progressing at a sablisfactory rate. However, the

problems of evaluating the accuracy of a flutter enalysis are still formi-
dable, and the precision of flutter emalyses for unconventionasl configura-
tlons ie s8till open to considerable question. Better understanding is
required of the roles played by thé mechanical and aerodynamic character-
istics of the airframe in the finael Plutter determination. The effects
of the various temperature regimes on flutter are understood in very
preliminary fashion only.

6. Current methods of ground vibration testing are reasonsbly satis-
factory only when low-order vibration modes are of interest, and when
the natural frequencies are well separated. Because of the Ilncreasing
complexity of modern airborne vehicles, and the need for greater quanti-
tative accuracy in flutter prediction, difficulty is being experienced
in maintaining edequate groumd vibration test accuracies. Additional
research effort is therefore required to develop ground vibration tech-
nigues and test equipment which is capable of exciting and measuring all
of the natural vibratlon modes of complex airborme vehicles.

v .
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T. Attempts to determine structursl stlffnesses of airborne wvehicle
structures by measurements of static deflections under known loads have
been relatlvely unsuccessful due to the severe accuracy requlrements.
Present and future importence of the problem suggests that a substantial
research effort be directed toward the development of adeguate techniques
and equipment for obtaining the required stiffness data. Attention must
be given to both unhested asnd heated structures. .

8. An examination of available experimental deta on oscillatory air
forces shows that this information is lagging considersbly behind current
needs, let alone future needs. Most of the experimental work has been
done in connection with two-dimensional wings in the subsonic speed range,
and on rigid models. Only one piece of data exlsts for an elastic model.
A critical lack of experimentsl information exists in the transoniec and
supersonlc speed ranges, even for rigid models.

The greatest need for future research lies in the measurement of
osclllatory alr forces and oscillatory pressure distributions on three-
dimensional elastic models (incorporaeting both fixed surfaces and movable
surfaces) in all spééd regimes. These measurements should show the results
of flow separation and Interference effects, particulerly in the transonic
and. supersonic speed regimes. There is need for further research on two-
dimensional wlngs to check theory; this applies particularly in the sub-
gonic speed region at high angles of attack, at transonlc speeds, and et
supersonic speeds. _

9. The use of flutter models, up to the present, has been for the
primary purpose of checking alrcraft safety, as well as for limited
research cbjectives. For certaln configurations, flutter models have
been used to define Mach number and dynamic pressure trends as a function
of flutter velocity-stiffness indices, and for the determination of the
flutter susceptibility of various new deslgns. TFor a variety of configu-
rations of practlecal interest, however, adequate flutter model studies
to provide design criteria and for comparison with theoretical celcula-
tions are not avallable.

The systematlic use of flutter models as a basis for evaluating the
accuracy of proposed flutiter prediction theories 1s a technique which
has not been employed to meximum aedvantage in the past; such studies
would wmdoubtedly slso bring to light directlons for the improvement of
exlsting theory. Also, the use of model studies for the synthesis of
optimum flutter-free systems, and for the study of various flutter pre-
vention techniques has also not progressed as repidly as might be desilred.

There appears to be & definite need for consolidation and evaluation
of avallsble experimental data, and for extending and filling in gaps in
existing data for varilous configurations, with regard to critical regions
from the Mach number and dynamic pressure standpoint. The simulation of
higher-order vibration modes %ﬁ flutter models, of liquid fuel effects,
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and of the effects of various tempersture regimes also require further
study before acceptable technigues can be iIntegrated into design practice.

Another continuing esrea of uncertainty in the conduct of flutter
model tests relates to the necessity of testing complete models of an
girborne vehicle, as compered with the less expensive testing of components
only, in which only s part of the airframe is duplicated (it being assumed
that the remainder of the structure does not significantly participate in
the flutter motion). The accuracy and velldity of component testing
requlres further delinestion.

In =2ddition to overall guestilons relating to the use of flutter
models, certain problems of flutter model construction and mounting
reguire solution. These include problems of mounting models simulating
free flight iIn the wind tunnel, the development of improved model excita-
tion techniques, lightweight wvibration measuring equipment, techniques
of model constructlion, and the provision of adequaete facilities for high-

speed and thermal regime investigations.

10. It is the opinion of those preparing thils report that flight
flutter testing will be an increasingly important branch of flutter engi-
neering in the future. Because of the difficulties assoclated with the
theoretical treatment of alrcraft configurstions of increasing complexity,
greater emphasis will have to be placed on flight testing of prototype
articles in order to insure that adequate flutter safety margins exist.
In addition to i1ts lmportance as a design tool, £light flutter tests will
probably be used for a variety of f£flutter research purposes.

Current flight flutter test techniques are in an eerly stage of
development, and are beset with & number of practicel difficulties per-
taining to safety, instrumentation, and data reduction and interpretations.
Both theoretical and experimental research is urgently needed to galn expe-
rience and knowledge for flight flutter testing, as a preliminasry to the
Increased utilization of this technique within the industry.

A promising means for increasing the safety and utility of f£light
flutter testing appears to be the introduction of controlled axtificial
stability into the aircraft flutter system. Exploration of the flutter
characteristics over the range of antlcipated flutter wvelocitles can then
be undertsken without danger, the test data then belng reduced by sub-
traction of the added artificisl stabllity to yield the accurate flutter
speeds of the unstabilized airframe.

While a variety of theoretical and practical questions require further

clarification, the future importance of flight flutter testing should not
be overlocked, and research should be instigated at the earliest possible

date to develop this form of prototype testing.
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TABLE I.- SIMRMARY- OF FIOTMER INCIIRRRS

Type of fluttar Yoar

297 | a8 | aghe | a0 | aem TN o [ awme | agms | ok | 295 o a6

to
Trin tad fluiter 2 1 1 L3 2 1 1
Hess balapoed spoller cecllligtions b 1

Stabilizer second bending statically | 1 1
btalancad elemtor flutter

Stabiliear (fin) first ventng 1 1 1
gtatically balanced slevator
(rodder) fluttex

Straight viug with tip tenk flutter 1 1 1 1

Tuselege sids eoding-ruddar 1 1
rotation-smrtoplliot fluttar

Fuselage bending statinally balanced £ 2
oddar {elevstor) flutter

-

-

Stabllizer toraion nass unhalanoed 1 1
alevstor flutter

MHess belanced ypzing tab flutter 1 1 i

-

firaight ving vith tip tanks 2
(asyematrically lonted) flotter

"

Control-surface bazz 5 & b 5

! T-tail fintter 1

- %

Control-surface busx flutter 1

All-movable stabillzer flrtter 1) 3

*

Bwept. wing vith external stores 1 1
(both rylon suspendsd snd o
pylan) flutter

Upslineed or partially helanced lw JE)
oontTol sxlacres

Fin bending torsicn 1

Tab tuzx 1

.

Trtal b 2 2 b 1 13 1 ] 7 13

L5}

Botas; If sovaral cases of the same iype of flutter ocourred op the spwe sirearaft, it is rwported of CDe case.

:”m;-m.h-m:m.
2
)mwmmwtnmmumtmmumwduam, partislly balenced, comtrol mofase.

(’)mmmmuwtnlmdmmmmM|ﬁ-,mm,umnlnttm.
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TABIR 11.=- AVATTADIE THRORETICAL, OBCTLIATORY AWRODYNAMIO FORCES

[Bamed oo two-dinereionnl Linearized subecnic and muperscmis flow tiary |

Borns Aothors Ttle Renga of parsmsters and reoeccks
AT Twch, Rep. 4798 Bailg, R., Appliostion of Threa Nioapaional Flutter L/x = 0{irregular) 16.6T) n » -0.5{0.1} + Q.7
wd ; e B4 Thacry to Alroraft Btrustures
AT Trentistion Rap. Sclmers Tablan foor the Calmulstion of Air Paroes of H=0to 00 anplu!o.:l.;:-k(x-:“):fru
o, F-IAN00XE B, FRIAM (15k3) the Vibrating Wing in Compressible Plane o{0.02) 2.0 spproxcinataly

Dictsa, T. (19h3)

Tha Alr Forcas of the Hormonloally Vierwting

M =0, 0.3, 0.6, and 0.7 Tav k yalnea

¥o, F-Te-ghiK Ving in & Cosgressibls ¥adiym xt Subsopio
Gorwan TR, T8 1TT5 Yaloaity. Fart I hmeriss) Puliss and Curves
Asronsution]l Bsssargh Bahads The Nomarica) Bolution of Poasio's Intageal WmQto OW9; X =0 tald0
Counail 9306 Equation for an Oselllating Asrafoil in s
Syo-Dimenaional Bubgonls Btresm (Trenalsted
Yy 8. Bkan) - Pert ITX '
fruatures Diwtsa, Frazer, Tehlas ard Curves for Two-Nimermicnsl Suhscnla
D.5/T0L/1.2.M. /5 pnd Bohada Aerodyrssda Derlvatives

HACA T8 2213

Turper, M. J.
ad B{n.binnui'.t:, B.

o Coaffiolents for an Osqillating
Alrfoll With Eing=d Flap, With Tahlas for &
Mach Nusder of 0.7

@ = 0.02(0,02) 0,10(0,1) apd 0,7 obard ratln
Ty = 0,19, O.fh, 0,35, md 0.42

Boyul Alroraft Batablish.
mnt Bap. Mo,
Btrunturas &7

Winhirmiok, X. T»

Bubmonia AsTodypsitls Fliter Darivatives for
Wings and Comtrol Pnrimdss

Wirg M =0, 0.5, 0.6, 0,7, and 0.6; k = 0.08(varian} 2.5,
partrol mofaca M m 0, 0.9, 0.6, snd 0.7 ahord ratic
ap = 0.13, 0.2k, 0,53, and 0.42. Contrel murface
Weo, 0.7 = o.ua(o_.na) 0,10(0.0%) sl 0.5%0

RAE Raport Wo. Btroae
tures 85 (15981)

Minhinndek, T. ¥,

Takhlas of Funotions for Evalnation of Wing and
Qontrol Surface Flutter Derivetivas for
Inocmprossinle Flow

U, B. Mx Yoroa Tech. Yattis, K. A, Tahlas of Lift and ¥owant Oowfriolemnts for an Ho=hm 007 k=am 0.04{0.04) and 0,58) & = 055
Raport 6688, Also Omadllating Wing-Adleron Cosbination in Two- s » 0.2(0.1) and 0.9
ATTR 5668 - Dinenaiopa) Bubsonic Flow
Boppleeet 1
BAE Raport Taumerk, 8, Teo.Limensioel Theary of Osoillsting Aerpfolls
Be, haro, AUkY . With Applicetion to Btability Derdvatives
RAE Repart Ths Yenhnique of Flutter Caloulshione. Asvodynemin | @, for ~com fy -0.2(0.3) L0 ¥, = 0.1(0,00) xsd 0.6;

Fo. Btrootures lh2

Templeton, N,
Ve

Derivatives for a Wing-Alleron-Teh Bystom
far Tyo-l Lopel T ibla Flow

K = 0{0.00). and 0.1
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TABLE TT,.~ AVATLABLE JHECRAETICAL CSCILIATORY AERGOYMANIC FORCES - Cootlimmed

[Baset on tvo-tinemsional 2ineariswd subscata and

dc Flow thoory |

Soros Authors Title RBengs of paraneters and remerks
Heoye). Inatituts of Tech Marbtt, H,, The Osaillating Wing of Low Aspsot Ratics
Btoskholu, ETE-A=ro and Landahl, M, Remults und Tahlas of dwdlisry Fonotions
L -
BAVARR EM-30 Trbles for the Calenlatinn of Asredynania o w» 0,2(0,1) + 0.T; L/t = 0(0,2) 8.0 Valuen for B,
Coatriaiants of an Osodllatiag Adrfoil Flap System eta
in an Inoaspressitle ¥iuld Rops ete.
NACA TH 2739 Mazelsky, B Poverioal Detersination of Imdiaisl Lift oot Momeat | k = O{0.02) 0.2(0.1) 1.0

i
ad Drisablse, J. A,

Functions for o Two-Dirarsions) Sinking and
Pitohing Alrfoil at Marh Husbers 0.9 and 0.5

Matiomml Aeronautical
Resenrch Imst,
Awmtterdan Rep. ¥,101

Tohlos of Aorcdynawic Coefficients for an
Gtclliating WingFlap Bystem

MwBw= 035, 0.3, 0.6, 0.7, and 0.8 Ratic of flap to
ving chord

T 0.1, 0,2, and 0.3 = = X = 0{0.02) 1.0

Chance Vooght Alreraft Head, A, L., Jr. A Compllxtion of Tvo-Dimengioeal Coefri- | M =0, 0.5, ¢.6, 0.7, and 0.8y k = 0 2,0 Bupersopic from
Report No. Boka elents Upth s Reviev of Flutter Analyais Methods Wma ™ 886
Matlansl Asroremilonl dr Jager, X. M. Tebles of Asrodymmdic Allsron Ooeffiolents for mn W=0to 08
Besearch Instituote, Oscillating Wing-hlilaran Systex in Subsonic Com-
Amsterdss Rap. F125 Feunalble Flow
Timman, R., Aeroldynanic Coefficlents of an Osoillating Alrfoll M« B = 0.3, 0.5, 0,6, 0.7, ad 0.8

Jo Aerg 8ed. vol. 21,
July 195k

van da Yooren, A. I,,
scd Creldanos, J. He

in Two-Dinsnsional Bubecale Flow (corrected valuas
to J. Asro. S¢d. 18, T17-80% (1971)

J. Aero. Bei. vol, 18, Taiem, Yo L., Tables of the Thecdorsen Cireulstion hmetion for p = O{varies) 10.0; 8 = °(5°) %P
July 1951 a0 Dengler, d. A. Gmeralizad ¥otion (c:;..ie

J. Asro Bel, vol 20, Luka, ¥, L., A Tsdls of the Cosplete Cicals Function
July 1993 and Uffort, D.

Forachmgsbaricht Xr 17

Bavieun and Dietza

Tabhlax cn Lift Theory of the Barmonieally Vibrating
Wing

BACA TH 2962, TF 2613 Mpagleky, B. Mumarical Detarmination of Indinisl Lift of & Twom
Dimeraicgs) Alxfodl at Subsanio Mach Mubers FProm
Ouciltptery Lift Coaffindems With Bumericel
Calculations for M = 0,7 (Pitching snd Binking
AMxfoil)
Qlgm L. Wertin Co. Jordsn, P, P, Suries Devalognants of Two-Dimensionel Fluttor Coef- | ¥ = 1 to 10(12 valuwes); k = O to 1.3 continuocs)
Fap. B8 TT5% Ticisots for Transenia gnd Superwemis Plow
RAE Rep. Structires ki Jordan, P. F. Asrodynemin Fintter Confficiants for Subsonis, N =0%02; ke 0(0,02) 0.2(0.09) 0.7

Sormle and Bepersonic Flow
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WABIE IT.~ AVAIIABIZ THRORRTICAL CICILIATORY AVRODYMAMIC FORCE3 -~ Continusd
[Bueﬁ on two—-Limerwionel linssrized subsonitc and mupsrsonic flow hhury]

Bouroe Authors Pitle Range of parsmetars and remarim
Reitiesh B & N 209 1a Fluttar at. Buparsonio Bpesds, Derivabive Oceffi- 7 OL) 95 Km Dby wO[) 65 M x 15,
ARG Teck, Rop, 8563 ani Jahn, H. A. clents for & Thin Asrofall st Zaro Inoidence -0{1}5;!-2.0, 1-0(1 )2 ywam NEM 1

April 16h% -ﬂ.'l: Valuen of 2, M, la, 14, and x's
BACA Roport Bu6 Garriak, 1, B, Flutter and Osailleting Adrforos Caloulstions Lo = 10/9, 10/8, 10/1, 10/6, 2, anad 2.%;
apd Rubinow, 8. I, mmnuinnm-m-miml Buparsenia Flow 11-01(0.1 md 0.5 @ ~ 0.02(irragular) 20
Curtiss H.;:gm Corp., Kallsr, K. ., Suparscnto FLight Formilss and Tables, (hubls Boc | M m 1.1(0.1) 1.7, 2.0(0.2) and k.0j £ = 0 to 3§
Report R Koum, H., Report 1546) @ = 0.5(0.5) and Lo
and Johoson, 8.
Curtias Wright - ¥aller, E. 0., Rlack, Bupersonio Afrforce Coafficlemts for Fluttar Game s above + ¢'mand g's g, Ly, Wy My -
PA57-U-28 APL/THI 8. D., Cauba, T, Analysin, April 168 (Landing adge)
Rep. OW-469 Fepgallay, 0. 1.
HACA TN 2055 Huokel, V., Tablas of Wing-Alleron Cosffioisnts of Osolllating

Alr Toarcas for Two-limansional, Suparacnic ¥low,.
Hazoh 1950

= m/g, 10/8, 10/1, 10/6, 2, apd 2.5)
= 012(0.15 and 0,95 @ = O.02(irreguar) 20

UGAP Tecimicsl Report
Fo. 6200

Tablos of Coaffisiants for Ocspressibls Flotter
Onloglations. August 1950

W= 10/9. :v{h 10/7, 10/6, 2, 243, mla. and 5
0 wpprox,  (Azee 1f%
Ih. Im My, wld N,

chard )

¥avy Dept. Bur, gf Ord.

Esodbook of Euparsonic Aarodymesics, Jeouary 1558

Aaro, Foroe Flnttar Coafficient Cyp aod Moomnt Oy
{Arbitrary Acis) N = 1.2{0.1) 2, 2.0{Q.2) 4,0,
5(2) 12 m 2ENR . 2 '

b5,

NACA TN 3506 Huokel, Vara Talulation of tha Yurctiona Wish Oseur in K=1,2 0.0, A=0Qtoll, k= 0O{irregular) 2.0
Mrodypewic Thaory of Osolllating Wings in Sopes.
aanio Plow

EAVORD Rep. 12%% Miles, Jom W, On Berwonis Moticn of Wide Dnlia Wings st Fuper- » 10/9, 10/8, 10/7, 10/8, 2, 10/, 10{3, and 5
sonio Apasds k= 0(1m;u5.u-) LB 1,

Lo tfahrtToraohung BT 20, | Sobwerz, L, Undersuchung einiger mit dan Zylindsr funktionen

Lrg, 12

millter Ordmmg varvandter Funktionan. Tab. 194k,
o F1-3TR

Donglas Alreraft Co,
ap, SK-LHTL

Buparaonis Asrodynamic LIft asd Moment Cosfficlentm
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PABLE II.- AVAIIABIE THEOREFTCAIL (SCILIATORY AERCUYBAMIC PORCES - Connlnded

[Blnd. oo two-dimensional )inesrized subscnic snd supersonie flow theory:l

Source Authcrs Pitls Range of parapeters and remarks
HACA PH 2590 ¥alson, H, C. Caloylatione on the Forces wod aments for an ) = 0.1(0.1) amd 0,9 (wing obotd); k = 0.00(irregnlar) 3.3
ap! Derman, J. H. Oscillating Wing-Ailarcn Combination in Two-
Potantie]l Flow at Boolc Epesd
Forschungsbericht V. Borbtaly ﬁ'nu- die Luftkrafte diz suf ainen Barmonisch M =1, lofs, 10/8, 10,’7, m/6, 105, 10/, 10/3, 10f2,
. 107 zvridimsnsioonten Fligel bl and 10j @ = {0.5) 10.0
Ummunguchﬁ.nd.‘lghl.t wirken
Corrvair Bep. Dublin, H. Comp lon of Bup de Qecillxiory Alr Fores
¥a. 28-115-00% Coetficlents - 19k8
Comvalx Bap. 20-001 Charts of Superscoic Oscillatery Adr Forea Cosffi-
clents ocn Movebls Scrfmoes. 1548
British Rep. Prens. Jardan, P., Unstoady Arrodynamic Coafficiamta for Superscnls é = 0.1{0.00) 0.M{0.1) 0.8(0.05) 0.9 log k = -5
Ho. Flov FPart II - Hueriocal Tables

ad Oawehn, M.

-3(0.00) 0; T = 0.05{0.C0) 0.3

Lsa Arnold Aseoo.,
Inc.

Armold, Iee 1953

Tables for the Cewpotation of Unsteady Supersonic
Oaparalizsd Asrodyramic Forces oo o Delts Wing
¥ith Arbitrery Deflection Hode Bbapes

=l 2, and3 Tebles of B, q 1/k = 0.9 to 56,23
(13 valoss}

Office Matlonale
A'Studnn oL On
Recharches Awro.

Weber, H, 1930

Tables of Unstesdy Aerodynamic Cosfficients in
fuparscnic Flow, Part 1T - Nomerical Yeblss of

Nooatationary Aerodynsnic Cosfriclents
Fart IIT - Greghionl

¥ =~ 10/9, 10/8, 107, 10/6, 10/5, 10f%, 10/3;
@ = 0.05(0.005) 2.0p T = 5.0 u.s, 0.6 amd 1.0

Nmld, 1.2 AR=h veloes of 7.0

BACA TH 8206 Lommx, H., Oereralired Irdicisl Forres on Dafarwing Rectan- % for n=0(1)3, I=0,1
Fallar, T. 2., gulmr Vings in Supersoaie Flight
and Dodar, L, d=0 1, ed2
Rop. Wo. 8632 Logkheed Fullar, F. K., Tahlas of Two-Dimensional Compressible Flutier Dete from MAGL Rep S%6, MACA 0¥ 2590 and TMAF Twoh. Bap. 6200
Alreraft Corp. and Biegel, § Coafficients Refarred to the Hid Chord ato E2A lstire nod tabulated for imter.

polated 1/k valuss. Xech 1/k 1s in tbe ratioc of the
wixtasnth rooct of two times the preowding valus
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TABLE III.- PARTTAL LIFEIRG OF EXPRRTMRNPAL FIUTYER CHECKS

Bomaa Mther Canfigaration Ampect matdo | Gowodmunge |7 O 2 Foes] e or M | Arscasnt vith expertmen
HAOM ™ 587 Clealn, P. Oartilavar, unawept, unifors 3 e 6 0to 25 fra  |Two-dixensional, |2 dagrees of Oood for spaed, frequency, aod
ving inooxpreasible frasdcn soplitods Tetis
ARC R &N Fraser, B. M., Unawept, tsparsd () = 0.52); 5.8 1ow Hodified two- 2 usooupled wodas|"Rxellsat” sgresmant of spsed
Mo, 1943 and Skan, B. W bepding springs at root Alrenalonel, Raylaigh typo o frequancy (ses R LW
inoosgrenitle 13}
ABC 6Ti2-0.348,| ¥il)dane, T, Unswept, tapsred 5.8 Mowsured 2 moden Gool
Jue 9, 19851 . aceffininnt
KAGA Rep, 956 |Runysn, H, L., Oantilevar wiifomn undwept viag [ 300 to 225 fps |Do-dimensicml, |Diffarantial Yoy good
and hﬂu, C. B wvith one concantrated weight inocopraasible aquation
moved along spen
AP Ko, b1k |Ocland, ¥, Yarious two-dimansicpml wing- | Two- 80 t0 100 fpa [Twp-dimenalooal, |Modsel (AFIR ¥798)|Very good for pitoh-bending of
ard Dnuin, M: A4 allaron-tab, sxparimsst of Adiranxtooel ina nsible wing. Vary good with allaren
Voigt and Waltes (and (h‘(?ﬁ?n 8 balsncad, Poor bo good
plates) vith gesred tab or uibalanosd
allerem, .
MACA ™ 3375 | Woolstico, D. 9., Camtilever mifarm ynavept ving 6 300 to 325 Tps |Pwo-dipenaicrmel, |2, 3, el b Good ngresnent oply vith weight
and Rumyan, H, L. | with oo corcentratad velight inoosprasaibls «t tip and xt root. Roor and
moved aloog spen mdas, 3 aod 3 wtive agr with
amupled modan weight parh wmy out on span,
not enough podan used.
WIL My, Bergd, K., CutilaTer retangyler ving; o flttar m:-|nu-n-u two- |7 motes Calonleted results with meas-
F.o128 and IP, T, mans retio froa % 1o 50 dimspsional and urwl alr foroas sowtines
themation), two- higher, somstimes lower thsn
dimnpeicnal salogiated repults with thisc.
ratical air foross
BACK Peg. Baxaoy, Ja s,y Camtilevar wmifore :vept and QtaB N = 8,2 to 0,05 |Bvo-divernicral, |2 mooopled modes|Gool in gemaral (within 20% for
107k y B, JoJ unsvept mass rebio 2 to 10 1nncsygrrassibla mept ving most part sxoopt for A =2
ard darrisk, I. E salysis unavapt )
HAGA Woclrton Cantilever vaifors unavapt htod M= 0,15 to 0,59 Twvo-dimmnsional, |3 wocupled modss|Good te falr 2o Aw b
o 38 a (astlla wings; meas Tatio 1l to 196 inoccmpressibla
and Reissner
acrraction
HACA Lsutan and Balecn | Cantilever, rectangular, full 1.3 M= 0.8 to 107 *wo-4imanyicral, [Wodsl - 2 modos |Conservative - within sbont 158
™ Ip1cod spar-bosb drop ' o.“?
H =~ 1.0
WACA
M IDIFD9e | fewnll, J. 1. Cantilaver, magt (A w 31.5°), k6 960 to 295 fps |Dvo-dimenxional, 2’.:& Oonsarvative by 108
taparod (h = 0.43) . insompresnitile k mades,
napt ving
melyuls ¥y
WOA Lautan Rookat vahinles (A = 457 a.m&-w" H = 0.89 Tvo-dimnsional, |2 modes, swapt | Conemrvative by wp to 58
B Ipatakb and 0'Kally M A= so"g taparsd, hZ50A = GOR 1.09 inoompresaisle ving sralynis
o= 0% l;ﬂa.goog a
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TAELE XiT.- PARFIAL LISTTNG OF FXFPAKIMENTAL FLIESTH CHECKE - Cootlnded

Hiles
c.d. W

Iype of xir forems of flulter
Bourcs Adthor Coxtigmration Awpect wasio | Bpeed Tangs = e of L1050 | aaremsot vt npertasnt
bmca | Dnangst, J. 2., Trperedt (Am0.6) A=0’ o800 2, 4, a0 6 [ mo, T8 Two-dimsmsione) |2, 3, snd ¥ modes|Bopellani. to for bigh A
W I ed Jooes, G. W to {oompressible meph ving sol kigh A for Nw L3,
soalysis Vg Fadr to poor for low A
with lov A.
L= Torlla Cantllever muitors A = 50° 1.50 to k.10 [M = 1.5 Tw-limsnaioim] |2 oodes, sept  [CopMITative Dut poor axmept
» OIS 1o 60° inocem-sssihle wing for A w609, Righar &
KAOk Widmayar, Laomtah, | Csecilewsy, mitoes ’ 2t 13 W= 0.2 to 0.9 |Two-dimapeional 13 BeSRR To0d t0 falr, aEOEE A = 2,
B moorise | oeod g oom 4 = ¢ {Dcomgressitla A romber of mowmernaiim
ramlits indicated nesd for
+hdrd mde in wslysis.
WACA ™ 'S |Coeoinghew, K. J., | Centilever, uxdform, uoeuvept T 570 aad 530 fpa |Tvo-dimensional |2 wiog olastis |Consarvaiive by W%
el ik on roakut modal issacrasFibls rodes, d bedy
% Ra fresdom
BCA T 3L |Belscn, B, C. Cartidaver, WRiforn, TRSwNDL 5.0 to B9 W = L3 2 wolna Moatly coosarvative, Regtan-
ad s Roby N= LY reo- seation
, #laitt in atrip saalysls
=13 oarally gave bast resulis.
Cortiss-Rrighl. [Fluttar ssstich Roct restridned by srings, oj.u&-@ N = 0.33 to 0.9 Tvo-dimsnaiorel £ molas Copsaryative resuits vith two-
Bupart X-4T-} wifors, moapt, kod 5 = 34 L6 = ¥°) inoopreasihle seiooal air fornes,
Ness ratis Irem 130 to = wlao Mok's mwecnservative
aEpat-rutin AT REpRCL-TRELD OUFTCC-
acrrestion timn, Aspeot-ratio coxrec—
tion Dronght sbéat a merked
dmprovesnnt in sgremet of
£lrttes frequeney o sepli-
i
AFT 6303 Andropoulss, T. G.p | Tapered balf-gpsn wing held at 10 Up to 200 mph Medal - meocorpisd] pepparvative wlth two-
Coan, C. F,, sd Toob for smcil- i -A1 e nadlonal sl ocplad dizenaional &l fovoes. Vary
onrgat®, W. P latices, with two scimmlsted amd Tarious agremmnt with g modi-
alisran ameot rwtio fisd wapect-redio corrsation,
carteations azoipt for oft suglme
of-grwvity
e
resulia. WO signifiegec ANL-
Teranoa focmd from using
coupled and moeouplid Xoded.
Wax Plank Trescher, H. fin o2 retdar |frvo Be = 600,000 in |Pwodimmaicel  [No flutter Hings mommt and prepsure dis-
Insk, regort in a weter tomel dimarmizral)] ater tribations for riap fmmatlon
No, 6, 1952 wnh:;‘hnmn
¥
agfemment fxom good to falr.
Princel.an Gniv,| Galsd, L. Tvo-binde halisopesr retory 1T to 305 e 4 2-mole (first Conssrvntiog {or lowest pltob
Asro. Ing. axdt Parwrtter, 13-fook dimmtar (XE-17 modal (nrip)s C(x) bnding whish control stiffoess, uncon-
Diyt. Bep. A A of Wrooks) ussd T the wms gpesantinlly| sacvative for all presser
B, 335 ropresaniative blade Magping,| piteh campol seiftness.
stationd talan and firwt tor-
of T maayispany «lon wkiah
1ot loded
pitohdng flax-
1b1lixy at thw
rom}
ARC 668 Foayer, A, A. Rigld wing With alleros end tan |4.08 (ving) [0 to 80 fps “Tartax sirip 2-andes (adleron |Dhearetioal
aph Jopar, W, 2, ey s L ad vac) rolling. (1} miie of
et YT , B ANC 51D alinrn dmsity to wb dan
o ) 360 ey

gh
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TABLR IV.- SPATOD OF EXFERDMENRAL FIUFBIR WML DATA

Rogime 1 Regime II Begima IIT Ragimn IV
M= 30 ot ssa lavel K= 6.0 at sea leval
Configmrntion P =08 at soe laval i Sl ih Mritos  bigmer M~ 20
¥ =12 at altitude "and nbave altitudes to near 100,000 ft
: ) 300,000 £t ad ahove
High mubsenic-transonis Transonio-low mupearsonic Buparaonic Ryperacnic
Btralght morfeces Geparslly matimfastary, sntisfactory. Duta nesdad. Data nesdad.
11 in dxts and Fi1l in dsta snd evaloa~-
wvaloatdon raqudred, timn requived.

~ Swept Furfeoes Genscrlly quite sabis- Genarally satisfactary, Probably ¥i11 not ba Frobably vill not be
) faotory. Ryaluation T411 in data and avalms- usad, el
'E required, tion required.
" Dalta wurfaces Data pamdad, Under- Dgtp paaded, Undar- Data noedad, UOpdar- Provably will not be
Eg standing required, standing raquined, standing required. uead,
[}
- low aepect ratic oombined straipht. Dats naadad, Date pesdod, Data nooded, Data noodad,
a swpi-dolta typa mofaces (cherd-
3... viee daformation and highsr modes
may ba important).
) Biralght scrfaces Aibiconl dste mod Tats nooded. Dt may be Deeded, Probahly will not be
gg ) gveluskion required. used,
] _;E'E- Swopt surfaoas (Inclndes higher- AMitional data and Data Doadad, Probably will not be Probhly will nat be
F’EER ardar modes), avplostion required. used, used.
§§+§ Dalta vings Data. nondsd. Date. peedad, Proeahly will not be Frobebly will not ba
uand, nsed.
Mrfoll section and thigknoss effects. (Pram Exploratory tasts Exploratory tasts neadsd, Rxplorabory testa Exploratory tasts
parodypenic viewpoint in view of piston neaded. neaded . peadad,
theory which Indicatas dstrimental affaects
of thlcknesa).
Chordvise flutter Probahly not sppllom- Fill in duta and svalup- Fi11 in Adate and 11 in dxte and
hle to this regime tion required. Design avaluatlon required, avalnation
oriteris noed to e Design eviterin required. Deslgn
astahlishad eod need te ba ostab- aritaris pood to
pasonped ngainet air- Lishad and sapcased bta eatablishad and
crafl; paremstars. against; airoraft appeanedt pminat
Dy g tars . airaraft
pEranIhers.
“Bants understanting of whore impedance affeata nocded. Very impartamt problem to £ind optimm locaklon of stares.
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TABLE [V.- SPATUS OF EXPERIMENTAL FLUPEER MOTET, DATA - Concloded

Regime I

Bogims II1

Begime IV

M= (.8 ot ssa lavel

H = 3.0 at see lavel
H=kto% at higher

H=60 at s lovel
W%~ 20

Cout iguration ¥ =l2 ntaltitede o000 £ altitides to near 100,000 ft
500,000 £t and sbove
Bigh sybsonio-transomic Trenscnfo-low supersonic Buparsonic Hyparsonic
Flutter prevention devices and cptimm con- Data newdad. Data neaded. Pats needed, Data nesded.
figwations from & flubter viewpolnt.
Tip eontrels. - Data nseded. Data mmeded. Data peeded, Use undnosm. Data
neadsd if used.
r-tails Mors data needed. Ival. | Data nesded. May not be used. Probably vill not be
uation required, nead.
Panel flotter {includes papel flutter of Geperally satisfactery. Generally sstisfactory. Exploratory tests Exploratery tests
cyliniricsl pissiles ar bodies). Froblem oeds t0 be Problem noads to be avel- needed. neaded for possihle
wvnlunted and deaign mted and design criteris confgmretions.

asseesod ngainat siTaraft
PAramsters.

Ploating tip tanks.

Begle dsta and eyhlum-
tin nended,

Basic data and evalmetion
neaded .,

Frobahly will not be
nxed.

Erobably will mot be
nssd. -

Control surfaces (inalikdss buzz and mans
unbelanced control surfwces)

Flotter-buzz data nsedad.

Flotier-tusz data nesdsd.

Cortrol~surfase flubler
soera 05t probable
for lower nodes of

Unknosm. Exploretory
tests sbonld e made

wtanding of busz standing of busz needed. alesn wings. Howrar
osedad, Dagign cone Design confignations foor higher modas my pre-
figmetions for avodding nrxx neaded. sant problame,
avoiding tiex pesdad. bploratory tewts
sheld be pade.
Centrol surface play Limits Deta peeded. Dxuts. Daaded. Data pesded. Data peeded.
o |Btreight Dats needed. Dats nesded. Data noaded, Dats peedad .
]
E Swept. vings Oeparally satisfactory, Gensrally satisfactory. May pot be used. May not be used.
g P11 in dats and aval. Fil) in data apd evelue-
om mmtion reguired. tim required.
Delta Teaded, Beeded, Mey not be used, May nct be wsed.

Yary important problas.

m’fgqi.pmprcblu. Basic understanding and parmmater veriaticn data peeded.
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70Q : H
- Transonic speed, T = (0O%F ] | fo
1= Low supersonic speed, T = 300°F I \
800- = High supersonic speed, T, = 1,000°F / ‘
= Hypersonic speed, Ty, = LOGO +°F
Note: / : \
5OOJ Regimes shown are envelopes to define typa of oerodynamic / \
flow and da not represent performance of any dirbome vehicle.  / \
Nomenclature: / |
Altitude, 4001 h = Altitude (1)
_h M = Mach number
1000 Tm= Moximum skin temparoture (°F) -
300+
jurg
200+ :
il
100+
| I
LT
0'"A — T T T T T T T ™ T
o ' g 4 6 8 10 12 4 16 18 20

Flgure 1.~ Airborne vehlecle altitude - Mach number regimes.
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52 : oy L NAGA RM 56T12

- AVAILABLE

TWO DIMENSIONAL

K
THREE DIMENSIONAL — LOW &R
K
1.0 THREE DIMENSIONAL — HIGH &
K 5
(8}
b0 INTERFERENCE EFFECTS
K .5 K
U h
o 1.0 2.0 3.0 4.0 5.0
M
(2) Pitching.

Figure 2.- Avallabillilty of experimental oscillatory alr forces.



NACA RM 56112

1.0

1.0

PSRN

e

TWQO DIMENSIONAL

THREE DIMENSIONAL — LOW AR

THREE DIMENSIONAL —HIGH &

INTERFERENCE EFFECTS

2.0 3.0 4.0 3.0
M

(b) Translation.

FPigure 2.- Continued.
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5k + RN NACA RM 56T12

- AVAILABLE

TWO DIMENSIONAL

THREE DIMENSIONAL — LOW &

~—

“Cl

THREE DIMENSIONAL — HIGH &

10 INTERFERENGE EFFEGTS

K .5 N

(c) Control rotation.

Figure 2.- Concluded.

b NACA - Langley Fleld, Va.
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